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Introduction 


Objectives 

The  principal  goal  of  this  work  was  to  develop  new  short  wavelength  chemical  lasers  that 
are  suitable  for  ballistic  missile  negation  and  target  identification/discrimination  applications.  These 
lasers  are  based  on  energy  transfer  and  pooling  from  the  metastable  species  NF(a'A)  and 
NCl(a'A),  which  are  both  analogues  of  02(a'A).  Under  a  prior  AFWL/AFRPL  contract^,  large 
(3  X  10'^ /cm^)  densities  of  NF(a'A)  were  efficiently  generated  by  rapid  dissociation  of  the 
energetic  fluorine  azide  (FN3)  molecule,  and  the  rate  of  NF(a’ A)  self-annihilation  was  measured  as 
cm^/s.  In  parallel  with  these  efforts,  Herbelin^  used  an  alternate  source  of  NF(a' A)  to 
,  -iiionstrate  the  feasibility  of  a  blue-green  laser  based  on  energy  transfer  and  pooling  in  BiF,  and 
the  kinetics/scaling  issues  for  this  concept  were  investigated  at  Science  Center  (under  the  ^ame 
cc  .)  using  FN3  to  generate  the  metastables.  Also,  similar  production  of  NCl(a*A)  by 
Qi«-  .station  of  CIN3  was  demonstrated  under  an  IR&D  program  at  Science  Center;  but  the  yield 
was  itot  determined  quantitatively,  since  the  radiative  rate  for  the  NCl(a-X,!  transition  (required  to 
n, ensure  the  metastable  concentration)  was  in  doubt.  Several  issued  were  addressed  under  the 
present  contract  including; 

1 .  Optimizing  the  production  of  FN3  and  CIN3. 

2.  Determining  the  yield  of  NCl(a'A)  from  dissociation  of  CIN3,  ihc  NCl(a’A)  self- 
annihilation  rate,  and  the  A-coefficient  of  the  NCI(a-X)  transition. 

3.  Performing  a  survey  of  potential  visible  wavelength  emitters  that  arc  excited  by  NF(a'A), 
NCl(a’A),  or  a  combination  of  these  metastables,  to  identify  an  alternative  to  the  NF/BiF 
concept. 

4.  Demonstration  of  optical  gain  and  lasing  in  the  NF/BiF  system  under  conditions  that 
simulate  a  high  energy  laser  device. 

5.  Development  of  the  most  suitable  alternative  to  BiF  through  kinetic  investigation  and 
scaling  studies  as  well  as  gain  and  lasing  demonstrations. 

Significant  progress  was  achieved  in  each  of  these  areas,  and  several  conclusions  were 
obtained  in  relation  to  each  of  the  topics.  Important  results  are  summarized  in  a  following  section 
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of  this  report  and  readers  are  referred  to  the  publication  record  for  full  technical  details.  For 
completeness,  the  publication  section  includes  two  papers  on  NF(a'A)  and  NCl(a'A)  generation 
and  a  third  paper  on  BiF  scaling  resulting  from  prior  work,  as  well  as  a  current  paper  on  scaling 
the  NF/IF  system,  which  was  pursued  under  a  parallel  subcontract  w  jih  Physical  Sciences.  The 
results  of  these  prior  ana  parallel  efforts  arc  also  included  in  »hc  progress  summary. 


Methodology 

The  FN3  was  generated  on-line  by  reacting  HN3  with  F2  following  the  mc'hod  of  Haller-^. 
The  HN3  was  obtained  by  the  thermally  activated  batch  reaction  of  NaN3  with  excess  stearic  acid. 
The  CIN3  was  generated  by  batch  reaction  of  dry  NaN^  with  Clj.  by  on-line  reaction  of  moist 
NaN3  with  CI2,  and  by  the  dry  on-line  reaction  of  HN3  with  CIF.  The  yield  of  azide  product  ;md 
its  purity  were  assessed  by  visible/ullraviolct  and  infrared  absorption  spectroscopy  as  well  as  mass 
spectroscopy.  In  practice,  HN3  was  storable  indefinitely,  CIN3  decayed  significantly  over  the 
period  of  a  day,  and  FN3  decomposed  in  -15  minutes  at  ambient  temperature.  The  halogcui  azide 
decay  rates  were  strongly  influenced  by  relatively  minor  temperature  changes. 


Two  reactors  were  used  to  study  the  generation  and  decay  of  the  mctasiabic  and  emitting 
species.  In  the  first  reactor,  halogen  azides  (in  He  diluent )  were  mixed  on-thc-fly  with  SF(,  and 
various  donor  molecules  before  exposure  to  a  pul.scd  CO2  laser  beam.  The  laser  photons  were 
absorbed  by  the  SF^  resulting  in  high  vibrational  temperatures'^  which  dissociated  the  parent  azide 
and  donor  molecules  on  the  ps  time  scale.  Energy  transfer  from  the  metastabic  products  to  the 
donor  (emitter)  fragments  was  then  studied  by  lime  resolved,  spectrally  resolved,  and  absolutely 
calibrated  emission/absorption  spectroscopy,  as  well  as  by  pul.scd  and  cw  '.iser  induced 
fluorescence  techniques.  Application  of  a  pul.scd  electric  discharge  to  FN  ,  did  not  yield  a 
significant  quantity  of  NF  (a’A). 


The  second  reactor  was  a  novel  tabletop  scale  shock  lube,  driven  by  an  electrically  triggered 
H2-F2  explosion.  The  reagents  FN3  and  TMB  (trimethylbismuth')  were  dissociated  behind  the 
reflected  shock  to  yield  NF(a'A)  and  BiF.  The  pri.ncipal  diagno.-iics  used  with  this  reactor  were 
piezoelectric  transducers  and  tirne/wavelength  resolved  emission  spcclro.scopy,  both  with  and 
without  an  optical  cavity.  Both  reactors  produced  comparable  (ton  level)  concentrations  of 
NF(a*A);  however,  the  appearance  of  the  mclaslables  in  the  CO2  laser  driven  reactor  was 
immediate,  whereas  in  the  shock  tube  an  avalanche  of  NF(a' A)  was  obtained  after  a  characteristic 
50  ps  induction  period  following  passage  of  the  rcnccied  shock  wave.  The  mechanism  of 
dissociation  of  the  azide  in  the  shock  tube  is  suitable  for  high  energy  laser  applications,  and  the 
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operation  of  this  reactor  also  provides  a  transient  simulation  of  the  compression  and  expansion 
phenomena  that  occur  in  a  supersonic  laser  nozzle.  Use  of  a  CO2  laser  to  trigger  reaction 
chemistry,  on  the  other  hand,  is  largely  a  convenient  research  tool  for  use  in  the  laboratory.  Further 
details  regarding  these  techniques  arc  contained  in  the  publications  section. 


Candidates 


The  principal  reaction  systems  of  interest  vscrc:  NF/NCI/I2  for  production  of  NF(b-X) 
emission  at  528  nm,  NF/12/F  for  production  of  IF(B-X)  emission  at  500-700  nm.  NF/TMB  for 
production  of  BiF(A-X)  emission  at  425-475  nm,  and  NF/B2H6  for  production  of  BH(A-X) 
emission  at  433  n~i,  although  other  (less  successful)  candidate  schemes  were  also  investigated. 
The  corresponding  energy  level  diagrams,  A-cocfficients  and  key  reaction  steps  for  these  four 
primary  laser  concepts  are  presented  in  Figs.  1  through  4. 

Progress  Summaries 
Production  of  Halogen  Azides 

1.  Fluorine  azide  is  most  easily  produced  by  reacting  107r  Ft  in  He  with  5%  HN3  in  He  at 
350  torr  total  pressure  and  ambient  temperature.  Approximately  3%  FN3  in  He  is  generated 
when  the  F2  flow  is  adjusted  to  half  the  HN3  flow.  The  principal  byproduct  is  solid  NH4F. 
The  reactor  volume  (-  200  cm^)  was  filled  with  0.25  inch  dia.  stainless  steel  balls  to  mix 
the  gases  at  a  net  flow  rate  of  -  3.5  scc/s. 

2.  Chlorine  azide  is  produced  similarly  to  FN3  upon  replacing  the  F2  by  CIF  at  the  same 
dilution  in  He,  but  with  the  CIF  flow'  matched  to  the  HN3  flow  .  The  yield  of  CIN3  is  about 
half  the  yield  of  FN3_  and  gas  phase  byproducts  arc  negligible.  This  source  of  CIN3  is 
cleaner  than  the  wet  reaction  of  CIN3  with  NaN3,  and  produces  higher  concentrations/flow 
rates  of  the  azide  than  the  dry  reaction  of  CI2  with  NaNs. 

Production  and  Decay  of  NCI(a^A/ 

1 .  The  radiative  rate  of  the  NCl(a-X)  transition  is  -  0.9/s. 

2.  The  yield  of  NCl(a'A)  from  dissociation  of  CIN3  is  -  10%.  This  result  occurs  because  a 
singlet-triplet  crossing  near  the  peak  of  the  potential  energy  barrier  allows  dissociation  of 
the  parent  molecule  into  ground  state  fragments. 
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528  nm  (A  =  45  /s) 


NC^(a)  +  1 

- ^  NC^(X)  +  1* 

l*  +  NF(a)  - 

— ►  I  +  NF(b) 

NF(b)  - . 

-  NF(X)  +  hv  (528  nm) 

rig.  1  Energy  levels  and  key  jiuinping  reactions  in  the  NI-  /  NC^ / 12  system 
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470  nm 

(A  =  7  X  105  /s) 


BiF 


—X 


TMB 


NF(a)  +  BiF(X)  - 

—  NF2  +  Bi(2D) 

NF(a)  +  Bi(2D)  - 

-^N  +  BiF(A) 

I 

BiF(A)  —  BiF(X,v  ~  3)  +  hv  (470  nm) 

Fig.  3  Energy  levels  and  key  pumping  reactions  in  the  NF/  T'vlB  system. 
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Fig.  4  Energy  levels  and  key  pumping  reactions  in  the  NF  /  B2H6  system. 
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3.  Tlicrateof  NCI  (a' A)  self-annihilation  is  -  3  x  10‘"  cm^/s, 

4.  The  barrier  to  dissociation  of  CIN3  is  -  0.7  cV,  compared  to  ~  0.5  eV  in  IT^^. 

Alternate  Emitters 

1.  Production  of  Nr(b)  was  studied  in  the  FN3/CIN3/I2  system.  Dissociation  of  the  I2,  and 
the  I-atom  catalyzed  energy  pooling  transfer  processes,  were  both  found  to  be  rapid  and 
efficient,  consistent  with  the  results  of  prio:  investigations.  Also,  quenching  of  I*  and 
NF(b)  was  insignificant  in  comparison  to  the  rates  of  the  equilibrium  reactions.  The  low 
stimulated  emission  cross  section  of  the  NF(b-X)  transition,  however,  is  inconsistent  with 
successful  development  of  the  concept  for  high  energy  laser  applications.  The  principal 
benefit  of  this  work  was  to  extract  the  unknown  radiative  rate  of  the  NCl(a-X)  transition  by 
modeling,  which  enabled  subsequent  determination  of  the  NCl(a’A)  yield  and  the 
corresponding  self-annihilation  rate.  The  results  obtained  demonstrate  that  systems  driven 
by  NCl(alA)  will  be  of  much  lower  overall  efficiency  than  systems  driven  by  NF(a’A), 
given  equal  kinetics  in  the  transfer  and  lasing  reactions. 

2.  Production  of  IF(B)  was  studied  in  the  FN3/CIN3/CF3I  system.  Large  concentrations  of 
IF(X)  were  achieved,  but  the  global  rate  of  IF(B)  generation  was  very  slow.  The  probable 
cause  of  this  difficulty  is  a  mismatch  between  the  energy  of  NCl(a’ A)  and  the  state  splitting 
in  IF,  resulting  in  pumping  of  the  B  state  above  the  pieoissociation  limit.  This  result  docs 
not,  however,  carry  negative  implications  for  other  NF/IF  laser  concepts  That  do  not 
involve  NCI,  or  for  concepts  involving  NCI  where  a  molecule  (such  as  O2)  mediates  the 
transfer  to  IF.  The  low  efficiency  of  NCl(alA)  production  from  CIN3  remains  as  a 
significant  problem,  nonetheless. 

3.  Excitation  of  FN3/CIN3/Sb(CH3)3  gas  mixture.'-  by  •>  CO2  laser,  in  the  presence  of  SFa 
sensitizer,  yielded  no  measurable  Sb-atom  chemiluminescence. 

4.  Similar  excitation  of  FN3/ClN3/Bi(CH3)3  gas  mixtures  yielded  no  enhancement  of  the  BiF 
emission  and  no  new  emissions  of  comparable  intensity. 

5.  Excitation  of  FN3/S2Cl2/SFf,  gas  mixtures  by  the  pulsed  CO2  laser  yielded  NS(B-X) 
chemiluminescence^.  Cold  trap  experiments  showed  that  small  levels  of  H2O  impurity  (in 
the  azide  flow)  react  with  the  S2CI2  to  yield  the  HS  precursor  of  the  NS  molecule,  and  the 
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pumping  reaction  is  thought  to  be  NF(a'A)  +  HS  — >  HF  +  NS(B;.  An  NS(B)  excitation 
rate  coefficient  of  1.5  x  10  ' '  cmVs  was  measured  based  on  this  mode';  however,  curve 
cros.tings^  between  the  emitting  singlet  state  and  tlte  dark  triplet  states  in  NS  make  this 
concept  poorly  suited  to  the  laser  application. 

6.  Comparison  of  the  known  spectroscopies^  of  NO,  NS  and  NSe  suggested  that  the 
replacement  of  Se  for  S  may  eliminate  the  problematical  singlet-triplet  crossings 
encountered  above.  Excitation  of  gas  mixtures  containing  FN3,  SF6  and  (CH3)2Se2 
produced  measurable  NSc(B-X)  emission'',  but  this  concept  was  not  scalable  due  to  the 
rapid  quenching^  induced  by  the  organic  byproducts  of  the  donor  molecule.  Attempts  to 
synthesize  H2Se2  as  a  superior  donor  were  only  partially  successful.  Sodium  disclcnide 
(Na2Se2)  was  first  synthesized  in  diglyme  solvent,  using  the  method  of  Boudjouk'''.  The 
H2Se2  was  then  obtained  (in  solution)  upon  reaction  of  Na2Sc2  with  stearic  .".id.  In 
diglyme,  it  was  possible  to  entrain  H2Se2  from  the  solution  phase  by  bubbling  with  a 
stream  of  He,  and  NSe  emission  was  subsequently  generated  by  adding  FN3/SF6  prior  to 
CO2  laser  excitation.  Due  to  the  vapor  pressure  of  diglyme  and  the  attraction  between  the 
solvent  and  solute,  however,  organics  were  carried  over  to  the  reactor  as  evidenced  by 
production  of  intense  CN  emission  and  concurrent  quenching  of  NF(a'A).  Since  the  CN 
potential  curves  and  radiative  rates  are  not  suited  to  the  laser  application^,  the  work  was 
repeated  using  a  chemically  similar  but  much  lower  vapor  pressure  (tetraglyme)  solvent.  In 
this  case  the  CN  emission  was  eliminated,  but  it  was  not  possible  to  disengage  the  H2Se2 
donor  from  the  solvent  before  the  unstable  molecule  decomposed  to  H2SC  and  So  metal. 

7.  Attempts  were  made  to  generate  HPCI2,  a  potential  PCI  donor,  by  passage  of  PCI3  over 
heated  NaEH4  pellets.  Upon  mixing  the  reaction  products  with  FN3/SF6_  and  exciting  the 
gas  stream  by  a  CO2  laser,  intense  BH(A-X)  emission^  was  obtained  instead  of  the 
expected  PCI  chemiluminescence".  Subsequent  investigation  proved  this  result  to  be 
caused  by  accidental  generation  of  B2H^  rather  than  HPCI2.  Evaluation  of  the  known 
spectroscopy,  radiative  rates  and  potential  excitation  mechanisms  suggested  that  the 
BH(A-X)  transition  at  433  nm  was  well-suited  to  the  laser  application. 

Kinetics  and  Scaling 

The  remainder  of  the  work  done  under  contract  focused  on  the  NF/BiF  and  NF/BH 
concepts.  In  each  case  an  initial  study  was  performed  to  determine  the  mechanism  of  excitation,  the 
key  kinetic  rate  coefficients,  the  feasibility  of  inversion,  and  scalability  to  emitter  concentrations 
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that  would  generate  useful  gain  coefficients  as  well  as  permit  efficient  extraction  of  energy  stored 
as  metastable  NF  (a^A)  in  competition  with  the  self-annihilation  reaction. 


Bismuth  Fluoride 

1 .  Both  TMB  and  BiH3  were  found  to  be  efficient  sources  of  BiF  under  selected  conditions.  It 
was  not  possible,  however,  to  generate  or  store  BiH3  at  a  concentration  that  was  large 
enough  for  the  laser  application.  Use  of  TMB  on  the  other  hand  was  problematical  with 
respect  to  both  the  slow  rate  of  dissociation  and  rapid  quenching  of  NF(a'A). 
Consequently,  under  optimal  conditions  only  very  small  gain  coefficients  were  anticipated. 
No  other  efficient  BiF  donors,  with  suitable  vapor  pressure,  were  identified. 

2.  The  measured  time  profiles  of  Bi(2D),  BiF(A)  and  NF(a'A)  were  consistent  with  a 
mechanism  of  excitation  involving  the  reaction  Biv^D)  +  NF(a'A)  BiF(A)  +  N  at  a 
limiting  rate  of  ~  4  x  10''  •  cmVs. 


3.  Under  low  metastable  density  conditions,  using  trace  concentrations  of  TMB  donor,  the 
yield  of  BiF(A-X)  photons  exceeded  the  number  of  donor  molecules  in  the  reaction  zone, 
and  the  intensity  of  the  emission  was  consistent  with  the  previously  measured  pump  rate. 
This  finding  shows  that  ground  state  BiF  is  recycled  by  NF(a'A),  and  a  population 
inversion  should  develop  at  high  metastable  concentiation. 


4.  Under  optimized  conditions,  using  CO2  laser  excitation,  BiF(A)  state  concentrations  scaled 
to  ~  10^‘^/cm^  with  a  pulse  width  of  a  few  ps. 

Boron  Hydride 

1 .  The  mechanism  of  excitation  of  the  BH(A)  state  by  NF(a' A)  was  detemiined  to  be  resonant 
energy  transfer  and  pooling  through  the  intermediate  (dark)  a^n  state  based  on  ab  initio 
calculations  of  the  corresponding  energy  levels  by  Michels. 

An  optical  absorption  diagnostic  was  developed  for  the  ground  and  intermediate  states  of 
BH,  which  used  a  pulsed  molecular  resonance  discharge  lamp.  The  measured  yield  of  BH 
radicals  from  B2H6  precursor  was  determined  to  be  ~  10'^. 

3.  The  rate  constants  for  sequential  excitation  of  the  a^fl  and  A’n  states  of  BH  were 
determined  to  be  ~  3  x  lO  '*  cm^/s  and  >  8  x  lO'^®  cm^/s,  respectively.  These  findings 
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demonstrate  that  inversion  of  the  A-X  transition  at  433  nm  is  feasible  for  metastable  NF 
concentrations  of  ~  10*^  /cm^  or  higher. 


4.  Addition  of  boron  precursors  to  ^N3  occurred  without  significant  pre-reaction,  and 
quenching  of  NF(a'A)  by  the  donor  byproducts  was  minimal.  These  results,  in 
combination  with  the  large  stimulated  emission  cross  section,  suggested  that  exceptionally 
high  gain  coefficients  are  achievable  in  this  system. 


5.  Reactions  between  B2H6  and  a  variety  of  gaseous  reagents  in  a  discharge  flow  system 
failed  to  improve  the  yield  of  BH  radicals.  Reaction  of  B2H6  with  HN3  in  a  heated  capillary 
oven  generated  tetraazidodiborane.  This  unstable  molecule  was  a  superior  source  of  BH 
radicals  (branching  ratio  >  14%)  but  rapid  removal  of  BH  by  vibrationally  excited  SF6  (in 
the  CO2  laser  triggered  experiment)  reduced  the  concentration  yield  to  -  2%.  In  the  shock 
tube  reactor,  however,  this  donor  was  no  better  than  B2H6  since  the  molecule  dissociated 
into  diazidoborane  during  the  metastable  induction  period.  Upon  further  fragmentation, 
diazidoborane  forms  non-productive  (HNBN3  +  N2)  molecules  in  preference  to  the  desired 
(BH  +  3  N2)  products. 

Gain  and  Lasing 


Both  the  NF/BiF  and  NF/BH  schemes  were  evaluated  in  CO2  laser  driven  reactors  for 
optical  gain,  and  positive  results  were  obtained  in  each  case.  Since  the  optical  characteristics  of 
these  two  systems  are  disparate,  different  gain  measurement  techniques  were  used  in  each  case. 
Subsequent  successful  lasing  experiments  were  also  pei formed,  using  the  shock  tube  reactor  to 
provide  a  long  (50  cm)  optical  path  for  the  low'  gain  BiF  system,  and  using  the  CO2  laser  triggered 
reactor  (which  provided  a  1  cm  amplification  zone)  for  the  high  gain  BH  system. 

Bismuth  Fluoride 

1 .  A  cavity  ringdown  experiment  demonstrated  an  optical  gain  coefficient  of  ~  3  x  10  '^  /cm  on 
a  selected  BiF  (A-X,  v'  =  1  to  v"  =  4)  transition  near  47 1  nm. 

2.  Unsaturated  lasing  was  achieved  in  the  shock  tube  reactor  at  47 1  nm  under  conditions  that 
approximated  the  CO2  laser  driven  experiment.  Saturated  lasing  was  not  achieved  due  to  a 
low  gain-time  product,  hence  power  extraction  was  highly  inefficient.  The  circulating 
intracavity  power,  however,  was  in  excess  of  100  mW. 
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3.  A  TMB  precombustion  scheme  was  identified  that  will  allow  higher  BiF  concentrations  to 
be  achieved,  as  the  reaction  byproducts  will  be  weaker  quenchers  of  NF(a*A).  If 
successful,  this  approach  will  increase  the  gain  coefficient  sufficiently  to  saturate  the  laser 
and  thereby  increase  power  output  significantly.  The  concept  is  explained  in  detail  in  a 
proposal  to  AFOSR  which  has  been  recently  av/arded>2.  Modifications  to  the  shock  tube 
reactor  to  enable  dc^'ior  precombustion  have  been  completed,  but  testing  and  optimization 
remain  to  be  done. 


Boron  Hydride 

1.  Resonance  radiation  from  an  electrical  discharge  lamp  was  amplified  by  the  NF/BH 
chemistry.  The  measured  gain  was  up  to  10%  /cm  with  a  pulse  width  of  -  2  p.s. 

2.  Lasing  at  433  nm  was  achieved  in  an  optical  cavity  with  a  threshold  gain  of  2.5  %/cm  and  a 
1  cm  gain  length.  The  design  of  the  reactor  and  optical  resonator  limited  the  active  volume 
to  less  than  2  cubic  millimeters.  Consequently,  only  a  very  small  fraction  of  the  ~  1  cm^ 
reaction  zone  contributed  to  stimulated  emission. 


3.  Photographs  of  the  laser  output  beam  were  captured  and  incorporated  into  a  20-minute 
video  presentation  that  was  recorded  in  VHS  format.  A  copy  of  the  presentation  has  been 
forwarded  to  the  project  officer. 

Physical  Sciences  Subcontract 

The  systems  FN3/SF6/I2  and  FN3/SF6/CF3I  were  evaluated  for  1F(B)  production  in  the 
CO2  laser  triggered  reactor.  This  concept,  originally  due  to  Davis,  involves  transfer  from  NF(a*  A) 
to  vibrationally  excited  EF  molecules  to  produce  the  emitting  species.  The  goal  of  this  work  was  to 
investigate  the  system  at  high  NF  (a^A)  concentration,  and  compare  the  results  with  the  prior  (low 
density)  work  at  PSI,  to  gain  an  understanding  of  the  critical  scaling  relationships.  Potential 
difficulties  include  thermal  dessoclation  and  reaction  of  the  1F(B)  state  with  NF(a)  or  related 
byproducts  and  change  of  pumping  mechanism  at  high  uietastable  concentration.  The  reactor 
conditions  were  modified  (lower  pressure)  to  optimize  the  yield  of  F-atoms  from  multiphoton 
dissociation"'  of  the  SFg,  with  the  following  results: 

1.  Excitation  of  IF(B-X)  chemiluminescence  was  optimized  at  25  torr  total  pressure. 
Dependence  on  SF6  concentration  suggested  a  trade-off  between  F-atom  production 
(favored  by  lower  SF6)  and  NF(a*A)  production  (favored  by  higher  SF^). 
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2.  No  differences  between  CF3I  and  I2  were  measurable,  suggesting  the  IF(X)  vibrational 
ladder  was  thermalyzed,  since  these  donors  ha’-e  significantly  different  nascent  product 
distributions. 

3.  The  vibrational  temperatures,  F-atom  and  NF(a'A)  concentrations  were  found  to  be  1200  to 
2000  K,  2  X  10>'*  /cm^  and  3  x  10’5  /cm^,  respectively,  by  spectroscopic  analysis,  titration 
experiments  and  absolute  photometry. 

4.  The  kinetic  lifetime  of  the  IF(B)  state  was  measured  as  ~  2  )is,  independent  of  the  FN3 
concentration.  This  result  demonstrates  that  IF(B)  is  not  thermally  dissociated  at  a  high  rate 
and  the  rate  of  deleterious  reaction  between  NF(a’A)  and  IF(B)  is  too  slow  to  significantly 
limit  scaling  of  this  emitter. 


5.  Based  on  the  ~  2.5  x  10-12  cm^/s  rate  for  NF(alA)  pumping  of  IF  (X,  v"  >  10)  to  the 
Estate,  measured  by  Davisl^- a  non-therr.ial  vibrational  distribution  exists  in  the  IF 
ground  state  (under  scaled- up  conditions)  that  is  fed  by  means  other  than  the  F  -(■  I2 
reaction.  A  likely  candidate  for  this  process  is  E-V  transfer  from  NF(al  A). 


Conclusions  and  Recommendations 

Three  concepts  have  been  identified  and  found  worthy  of  further  development  as  visible 
wavelength  chemici  I  lasers.  Each  starts  with  synthesis  of  FN3  from  stable  reactants,  followed  by 
rapid  dissociation  of  the  azide  to  efficiently  yield  high  concentrations  of  NF(a' A).  Although  the  rate 
coefficients  for  radiation  (A)  and  excitation  (k)  by  NF  (a' A)  vary  in  these  candidate  systems,  the 
required  metastaole  concentrations  for  inversion  (A/k)  are  approximately  the  same  in  each  case. 
Each  concept  also  requires  fast  initiation,  and  energy  transfer  from  the  metastable  to  the  emitter  at  a 
high  rate,  to  extract  power  before  significant  losses  occur  due  to  self-annihilation  of  the  metastable 
energy  store.  The  emitters  (BiF,  BH  and  IF)  are  capable  of  supporting  lasing  at  471,  433  and 
625  nm,  respectively.  The  remaining  operational  characteristics  of  these  lasers  depend  principally 
on  the  efficiency  and  scalability  of  the  donors  or  precursors  used,  since  in  each  case,  the  emitting 
molecules  are  radicals  which  cannot  be  transported  and,  therefore,  must  be  obtained  by  in  situ 
decomposition  of  a  parent  molecule.  Consequently,  further  improvements  are  most  likely  to  result 
from  theoretical  identification,  synthesis,  and  testing  of  new  donor  species.  Fully  satisfactory 
donors  that  have  adequate  vapor  pressure,  and  are  capable  of  rapid/efficient  dissociation  to  form 
the  desired  emitters,  without  liberation  of  byproducts  that  significantly  quench  NF(a'A),  are  yet  to 
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be  found.  Since  the  difficulties  imposed  by  poor  donor  performance  are  not  correctable  by 
hardware  design,  large-scale  demonstrations  are  premature  until  this  barrier  has  been  eliminated. 
All  future  work  should  therefore  be  focused  on  improving  the  donor  chemistry. 


The  NF/BiF  system  is  the  best  known  of  the  three  laser  concepts  and,  despite  its  low  gain, 
must  be  considered  the  primary  candidate  since  neither  the  BH  nor  IF  systems  have  demonstrated 
lasing  in  the  shock  tube  reactor,  which  simulates  a  high  energy  laser  device  on  a  transient  basis. 
Precombustion  of  TMB  to  yield  BiH3,  and  byproducts  that  are  slower  quenchers  of  NF(a*A), 
appears  to  be  the  best  short-term  approach  for  this  concept.  Work  in  this  direction  using  the 
established  facilities  will  be  done  under  a  new  BMDO  funded  AFOSR  contract.  A  parallel  approach 
with  considerable  merit,  however,  is  to  use  a  computational  chemist  to  define  an  improved  donor 
inoleeule  through  ab  initio  calculations,  and  a  syntlietic  chemist  to  develop  a  preparation  of  the 
species  and  supply  gram  sized  quantities  for  testing  in  the  COj  laser  triggered  or  shock  tube 
reactors. 


In  the  long  run,  improvements  in  the  area  of  donor  chemistry  are  most  likely  to  occur  in  the 
BH  system,  since  organics  that  induce  rapid  quenching  are  not  required  for  donor  volatility  as  in 
the  BiF  system.  The  short  wavelength,  inherently  high  gain,  lack  of  dependence  on  vibrational 
relaxation  to  sustain  inversion,  and  absence  of  solid  reaction  products  all  favor  this  laser  concept, 
once  a  practical  high-yield  donor  has  been  identified.  A  suitable  BH  donor  molecule  for  the  shock 
tube  experiment  will  be  characterized  by  a  high  positive  heat  of  formation  and  a  barrier  to 
dissociation  that  approximates  FN3. 

Ab  initio  calculations  by  Bartlett''*  suggest  that  BC2  ring  structures  (borirenes)  may  be 
useful  in  this  application.  A  photolytic  synthesis  based  on  ring  closure  of  boron-acetylide 
precursors  has  recently  been  developed  for  tri-mesityl  borirene.*^  Additional  theoretical  work  is 
therefore  required  to  determine  which  functional  group  (R)  will  best  stabilize  an  H(BC2)R2  ring 
system  against  self-annihilation,  and  facilitate  dissociation  into  HB  +  RCCR  fragments.  Once  the 
optimized  donor  has  been  identified,  work  must  then  turn  to  development  of  an  effective  synthesis 
and  characterization  of  the  physical  profierties  prior  to  testing  in  a  laboratory  scale  laser  reactor. 

An  alternative  approach  is  t,-'  modify  the  TADB  donor  to  increase  its  thermodynamic 
stability  against  cleavage  into  non-productive  DAB  monomers.  The  related  molecule 
(CH3)2BH2B(N3)2  is  similar  to  TADB  in  that  azide-azide  annihilation  can  still  lead  to  desirable 
BH  +  N2  products  via  a  thermoneutral  dissociation  reaction.  The  hydrogen  bridge  bonds  in  this 
donor,  however,  are  strengthened  in  relation  to  TADB  by  replacing  one  pair  of  azide  radicals 


14 

Cl2713H/dlc 


Rockwell  International 

Science  Center 


SC71024.fr 


(which  act  as  electron  withdrawing  groups)  by  a  pair  of  methyl  radicals  (which  act  as  electron 
donors)  to  increase  the  charge  density  in  the  center  of  the  molecule.  Bas^  on  the  heats  of 
dissociation  of  B2H6  and  TADB,  this  donor  should  be  at  least  as  stable  as  FN3,  and  therefore 
useful  as  a  BH  source  in  the  shoci'  tube  reactor.  Synthesis  of  the  dimethyl-diazido-diborane  donor 
would  most  likely  proceed  by  first  generating  dimethyl-diborane,  which  can  then  be  thermally 
reacted  with  HN3  (on-the-fly)  tc  replaa'.  the  terminal  H-atoms  with  azide  groups. 


In  any  case,  further  effort  on  the  NF/BH  laser  should  concentrate  on  either  developing  a 
superior  donor  or  replicing  SFg  by  a  more  inert  sensitizer'^  such  as  SiF4  (in  the  CO2  laser 
triggered  experiment)  to  eliminate  the  rapid  removal  of  BH  radicals.  Either  of  these  approaches,  if 
successful  will  significantly  enhance  the  photon  energy  available  from  a  lab-scale  laser 
demonstration  experirr  ent. 


The  IF  system  is  the  least  well  studied  of  the  three  candidates,  at  high  NF(a'A) 
concentration,  although  the  initial  results  are  favorable.  The  reactions  for  producing  IF  are  well- 
known,  and  large  IF  densities  are  obtainable.'^  On  the  other  hand,  the  lower  pumping  rate 
coefficient  in  this  system  is  likely  to  be  problematical  with  respect  to  donor  scaling  for  efficient 
power  extraction,  and  the  dependence  on  vibrational  distributions  will  be  critical.  High  yields  of 
rF(X,  v"  2  10)  are  needed  to  pump  the  laser  transition,  but  the  terminal  IF(X,  v"  ~  5)  states  must 
be  depopulated  to  generate  gain.  Therefore,  an  invened  vibrational  distribution  is  required  in  the 
IF(X)  state.  The  shallow  well  depth  of  the  IF(B1  state,  however,  requires  a  vibrational  distribution 
that  is  thermalyzed  at  relatively  low  temperatures  to  control  losses  due  to  predissociaiion.  Such 
disparate  vibrational  distributions  can  only  be  maintained  under  conditions  where  vibrational 
relaxation  and  equilibration  are  insignificant.  Sustaining  a  population  inversion  during  power 
extraction,  however,  requires  a  rapid  V-T  process.  Therefore,  defining  a  suitaole  environment  in 
which  both  of  these  seemingly  contradictory  goals  can  be  met  will  be  a  significant  challenge. 

Once  efficient  power  extraction  has  been  demonstrated  in  one  of  these  concepts,  large  scale 
(blow-down)  demonstrations  can  be  pursued  with  confidence.  These  experiments,  which  enable 
realistic  testing  of  nozzles  and  resonators,  are  nonetheless  economical  since  large  steady  state 
vacuum  facilities  arc  not  required,  removal  of  waste  heat  from  fhe  hardw'are  is  not  an  issue,  the 
quantity  of  hazardous  reagents  is  limited,  and  work  may  proceed  using  current  low  flow  rate  FN3 
generators  with  storage  of  the  azide  gas  in  refrigerated  surge  tanks.  Development  of  high  flow  rate 
FN3  generators  can  therefore  be  postponed  until  all  of  the  cavity  performance  issues  for  this 
concept  have  been  resolved.  A  starting  point  for  the  development  of  advanced  FN3  generators  is 
the  literaure'®  on  the  direct  reaction  of  F2  with  NaN3. 
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Publications 

The  following  section  contains  ten  manuscripts  that  were  generated  as  a  result  of  this 
contract  or  related  (preceding  or  parallel)  efforts.  The  first  two  papers  principally  relate  to 
production  of  the  metastable  species,  NF(a’A)  and  NCl(a'A),  by  dissociation  of  halogen  azides. 
The  third  paper  presents  a  study  of  NF(b)  and  IF(B)  excitation  by  these  energy  carriers.  The  fourth 
paper  is  focused  on  the  mechanism,  kinetics  and  scaling  of  the  NF/BiF  system.  Measurement  of 
optical  gain  and  demonstration  of  lasing  in  BiF  are  related  in  the  fifth  and  sixth  papers, 
respectively.  The  seventh,  eighth  and  ninth  papers  present  the  development  of  the  NF/BH  concept 
in  a  parallel  manner,  and  the  last  paper  addresses  the  NF/IF  scaling  study.  These  papers  should  be 
read  in  the  order  presented  for  maximum  undeistanding  of  the  technical  results. 
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The  reactions  of  vibrationally  excited  HF  or  DF  molecules  with  FN,  were  found  to  dissociate  the  aride.  bui  not  to  yield 
metasuble  NF  fragments  Thermal  dissociation  of  FN,.  on  the  other  hand,  yielded  metasuble  NF(a'A)  with  near  unit  efficiency. 
Concentrations  of  NF(a'A)  approaching  3  X  IO'‘/cm’  were  obtained  at  temperatures  near  1000  K,  and  the  decay  of  NF(a‘A) 
was  found  to  be  dominated  by  self-annihilation.  The  activation  energy  for  production  of  NFfa'ti)  by  thermal  dissociation 
of  FN]  was  found  to  agree  with  ab  initio  calculations  by  Michels. 


latrodaction 

Fluorine  azide  (FN,)  was  first  synthesized  in  1942  by  Haller, 
upon  gas-phase  reaction  of  HN]  with  Fj.  In  preliminary  studies, 
Haller  found  that  FNj  reacted  by  fracture  of  the  azide  group 
which  he  attributed  to  a  weak  central  bond.  Haller  also  found 
that  FN]  was  highly  explosive  when  condensed  and  the  gaseous 
material  was  slowly  but  efnciently  convened  to  NjF,  and  Nj  upon 
mild  heating.'  Later,  Gipstein  and  Haller^  obtained  an  ultraviolet 
absorption  spectrum  of  FN,,  while  Pankratov  et  al.’  demonstrated 
that  IN]  could  be  obtained  by  the  reaction  of  F]  with  NaNj.  Also, 
Milligan  and  Jacox^  obtained  the  infrared  absorption  spectrum 
of  FN,  in  an  Ar  matrix.  More  recently,  we  studied  the  ArF  laser 
photolysis  of  FNj  and  determined  the  heat  of  formation  as 
1 25-1 35  kcal/niol,  sufficient  to  allow  the  molecule  to  dissociate 
to  electronically  excited  NF  radicals  by  an  exothermic  reaction.’ 
Moreover,  analysis  of  the  direct  products  in  this  experiment 
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suggested  that  FN,  had  a  singlet  ground  state;  therefore,  upon 
dissociation,  only  metas’.able  NF(a'A,b'2)  should  be  formed  if 
spin  is  conserved.  Similar  results  were  obtained  for  CIN,  and  BrN, 
by  Coombe  cl  al.‘  and  Coombe  and  Lam,’  respectively.  On  the 
basis  of  these  Findings,  we  began  an  investigation  of  FN,  disso¬ 
ciation  in  hopes  of  developing  an  efficient  and  chemically  clean 
(scalable)  source  of  singlet  NF.  Since  Hartford*  had  demonstrated 
analogous  production  of  NDfa'A)  upon  CO,  laser  multiphoion 
dissociation  of  DN,,  we  decided  to  concentrate  on  methods  to  add 
thermal  or  vibrational  energy  to  the  FN,  giound  state.  In  parallel 
with  our  study,  Michels’  performed  ab  initio  calculations  of  the 
FN,  potential  energy  surfaces  which  yielded  vibrational  frequencies 
in  good  agreement  with  infrared  absorption  data^  '“  and  which 
demonstrated  a  0.5-0.7-eV  barrier  to  dissociation  of  the  electronic 
ground  state  by  central  bond  rupture.  A  substantially  larger 
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Figure  1.  Illuttntive  potential  energy  curves  of  FN).  The  er.ciied  states 
of  Ni  lie  at  and  above  the  energy  level  indicated  by  NF(X)  +  Nj*. 

barrier  to  dissociation  of  FNj  was  found  for  rupture  of  the  F-Nj 
bond.  These  results  implied  tUt  FNj  could  possibly  be  dissociated 
to  yield  NFfa’A.o'I)  by  vibrational  energy  transfer  from  mole¬ 
cules  such  as  HF/DF  or  even  by  rapid  pyrolysis  at  modest  tem¬ 
peratures.  Also,  in  parallel  with  our  work,  Gholivand  et  al.“’ 
developed  a  batch  method  for  the  preparation  of  distilled  samples 
of  FN,.  These  authois  investigate  the  vapor  pressure  curve,  the 
infrar^  and  visible/uliraviolet  absorption  spectrum,  and  the  mass 
spect:  i  m/NMR  signatures  of  the  molecule. 

The  dissociation  physics  of  FNj  can  be  understood  by  exam¬ 
ination  of  the  potential  energy  surfaces  that  correlate  to  the  various 
electronic  states  of  N]  and  NF  at  infinite  separation,  as  shown 
in  Figuie  I.  The' triplet  surface  derived  from  NF(X’£)  and 
NjfX'Z)  is  strongly  repubive,  because  as  the  Nj  and  NF  molecules 
are  brought  together,  some  of  (he  triplet  character  originally 
associated  with  NF  becomes  associated  with  Nj  in  which  the  triplet 
states  are  highly  excited."  The  singlet  states  derived  from 
NF(a'A,b'Z)  and  NjfX'Z)  arc  less  repubive  but  are  nonetheless 
still  influenttd  by  other  higher  lying  states.  The  interaction  of 
the  excited  triplet  slates  of  Nj  with  NF(X’2)  yields  higher  lying 
singlet  states  that  are  strongly  bound  due  to  spin  canccllaiic.i. 
These  states  repel  the  low^*-  singlet  states  derived  from  NF- 
(a’A,b'r)  and  Nj(X'2),  resulting  in  n  potential  well  that  forms 
the  singlet  ground  state  of  the  FN3  molecule.  The  repubive  triplet 
state,  arising  from  NF(X*2)  and  Nj(X'I),  must  pass  above  the 
minimum  of  this  well  for  FNj  to  be  a  stable  molecule,  since 
otherwise  the  bound  FNj  molecules  would  spontaneously  dissociate 
following  radiative  decay.  Micheb’  has  calculated  that  the  triplet 
state  actually  crosses  the  lowest  singlet  state  of  FN3  on  the  outside 
of  the  dissociation  barrier  and  that  the  singlet-triplet  splittings 
inside  the  barrier  lie  in  the  range  1-2  cV.  Addition  of  energy  to 
the  FN3  molecule  can  therefore  result  in  dissociation  to  NF  and 
Ns  by  either  of  two  mechanisms.  Trar.ifer  of  thermal  or  vibra¬ 
tional  energy  to  the  FN3  ground  state,  sufficient  to  surmount  the 
barrier,  should  lead  to  dissociation  on  the  singlet  surface,  yielding 
NF(a'A,b*2)  and  NjfX'Z)  as  products.  On  the  other  hand, 
transfer  of  larger  amounts  of  vibrational  or  even  electronic  energy 
to  the  ground  state  of  FN3  could  access  the  triplet  state  of  FN3, 
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Figure  2.  Schematic  of  gas  flow  system  used  to  generate  and  study 
dissociation  of  FN3 


which  dissociates  to  NFfX’li)  and  NjfX'X)  instead.  To  inves¬ 
tigate  these  phenomena,  we  have  studied  the  production  of  NF- 
(a'A.b'S)  from  FN3  molecules  that  were  suddently  exposed  to 
cither  a  high-temperature  inert  buffer  gas  environment  or  vi- 
braiionally  excited  molecules  such  as  HF/DF.  which  have  har¬ 
monic  spacings  that  approximate  the  barrier  to  dissociation. 

Experimental  Section 

A  gas  flow  system,  shown  schematically  in  Figure  2,  was  de¬ 
veloped  as  a  coniinous  or  “on-line”  source  of  FN3  molecules.  The 
lasers  and  optical  diagnostics  used  to  induce  and  monitor  the  FN, 
dissociation  have  been  omitted  from  this  figure  for  the  sake  of 
clarity.  FN,  wes  produced  following  the  method  of  Haller,'  with 
some  refinements,  by  titrating  HN,  diluted  in  He  with  a  similarly 
diluted  flow  of  F,  at  35  “C.  HN,  was  obtained  by  electrically 
healing  a  niixtuic  of  NaN,  and  a  large  (20/1 )  excess  of  stearic 
acid  to  approximately  I06-IIO  ®C.'^  The  end  point  of  the 
titration  was  determined  by  monitoring  the  residual  HN,  con¬ 
centration  in  absorption  at  3000  nm.*’  To  maintain  an  optimum 
yield  of  FNj,  the  temperature  of  the  NaN, /stearic  acid  mix  was 
programmed  so  that  the  HN,  evolution  was  constant,  since  excess 
F,  slowly  reacts'  with  FN,  to  yield  NF,  and  N,.  The  FN,/He 
stream  was  purifieo  of  residual  HN,  and  byproduct  HF  by  passage 
through  a  cold  trap"^  '*  at  -100  “C,  and  the  FN,  concentration 
was  monitored  in  absorption  at  420  nm,  using  the  extinction 
cocfticicnt  data  of  Gholivand  ct  al.'®  The  entire  apparatus,  e.xcept 
the  420-nm  absorption  cell,  was  barricaded  inside  a  fume  hood 
for  the  protection  of  the  experimenter.  Typical  concentrations 
of  FN,  were  7  Torr  in  350  Torr  of  He  at  a  net  fow  rale  of  3  cm* 
(STP)/s,  which  (within  the  accuracy  of  our  measurements) 
corresponds  to  converting  approximately  50-100%  of  HN,  into 
FNj.  Mass  specirometric  analysis  revealed  that  initial  NjF, 
formation  was  less  than  10%  of  FN,,  and  roughly  50%  of  FN, 
decayed  to  NjF,  over  a  period  of  about  1  h  when  stored  at  a 
temperature  ol  14  ®C  and  al  a  net  pressure  of  150  Torr  in  a 
Teflon-lined  cylinder.  The  mass  spectrometer  was  calibrated  by 
monitoring  the  mass  61  (FN,)  and  mass  66  (NjFy)  peaks  before 
and  after  passing  the  FN,  (low  through  a  heated  section  of  tubing 
which  induced  complete  conversion  to  N2FJ.  The  FN,/He  stream 
was  reduced  in  pressure  and  carried  to  the  various  experiments 
by  stainless  steel  and  Teflon  tubing,  which  typically  delivered  FN, 
to  the  reactor  in  less  than  60  s  from  generation.  Further  details 
regarding  the  production  and  measurement  of  FN,  are  contained 
in  a  previous  publication.'* 

Three  experiments  were  performed  in  which  FN,  was  reacted 
to  form  NF(a,b).  In  the  first  experiment,  the  FN,/He  flow  was 
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CA.  Feb  1988. 
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admitted  to  a  chemiluminescence  flow  tube  reactor  alnnj;  with 
a  variable  flow  of  Dj  and  a  fined  flow  of  dilute  I  j  in  Me  that  wac 
pauod  through  a  microwave  discharge'*  to  generate  approKimalels 
50  mTorr  of  f  atoms  "  The  flow  tube  was  operated  at  a  plug 
flow  velocity  of  lO’  cm/s  and  at  a  net  pressure  of  1-2  1  orr  The 
concentration  of  f'Nj  in  the  flo»  tube  was  approiomatcls  5  10 
mTorr,  and  the  Dj  flow  was  adjusted  in  the  range  0  50  ml  orr. 
with  the  balance  of  the  gases  as  He  The  Dj  and  I  Nj  flows  were 
admitted  to  tlie  reactor  through  coaxial  injectors  whose  position 
was  variable  with  respect  to  a  fixed  (I -in  diameter)  sapphire 
window  on  the  side  of  the  flow  tube.  The  I-  atoms  were  admitted 
to  the  outer  annulus  of  the  flow  tube  well  upstream  of  the  mixing 
region,  and  the  interior  of  the  flow  tube  was  Teflon  coated  to 
minimize  wall  recombination  Additional  details"  regarding  the 
flow  tube  reactor  arc  contained  in  a  prior  publication  P  cvious 
studies  using  this  reactor  and  the  Clj  titration  method'"  *  have 
demonstrated  negligible  loss  of  F  atoms  enroutc  to  the  mixing 
region.  The  injectors  were  staged  so  that  the  D,  was  admitted 
to  the  reacting  flow  approximately  2  cm  upstream  of  the  F>l)  inlet 
The  resulting  chemiluminescence  was  monitored  by  an  optical 
multichannel  analyzer  (OMA)  through  the  observation  port 

In  the  second  experiment,  the  FN3/HC  gas  mixture  was  ad¬ 
mitted  to  a  slowy  flowing  stainless  steel  photolysis  cell,  along  with 
a  variable  concentration  of  H For  DF  and  a  variable  concentration 
of  SF4.  The  cell  was  then  optically  pumped  through  a  sapphire 
window  by  a  pulsed  HF  or  DF  electrical  discharge  laser,  and  the 
resulting  chemiluminescence  was  monitored  at  right  angles  to  the 
laser  beam  through  a  sapphire  window  by  a  temporally  gated 
OMA  and  a  filtered  Si  photodiode  that  was  interfaced  to  a  digital 
signal  averager.  The  concentration  of  FN,  in  these  experiments 
was  also  followed  on  a  time-resolved  basis  by  absorption  of  210-nm 
radiation,*'"'  from  a  Dj  lamp  that  was  propagated  through  the 
cell  coaxial  with  and  internal  to  the  FIF/DF  laser  beam.  Overtone 
emission"  from  vibrationally  excited  HF  or  DF  was  also  monitored 
with  l-ji$  temporal  resolution  by  a  liquid  nitrogen  cooled  intrinsic 
Gc  detector  Filtered  to  a  narrow  band  around  1 300  nm.  Typical 
cell  conditions  were  lOO-ISO-Torr  total  pressure,  of  which  1-2 
Torr  was  FNj.  1-10  Torr  of  cither  HF  or  DF,  and  0-50  Torr  of 
SF*.  with  the  balance  as  He  The  HF/DF  laser  was  constructed 
following  references  in  the  literature”  by  suitable  modification 
of  an  excimer  laser.  The  maximum  obtainable  pulse  energy  was 
350  mj  with  a  submicrosecond  pulse  width.  The  reactants  in  the 
laser  (Hj  or  Dj  and  SFj)  were  typically  adjusted,  however,  to  yield 
lO-20-MS-long  pulses  of  20-40-mJ  energy  that  were  focused  to 
a  onifornt  0.3  X  0.5  cm*  spot  inside  the  photolysis  cell  as  measured 
by  exposure  of  thermal  image  paper.  Based  on  measurements 
of  the  laser  energy  that  was  transmitted  through  the  cell  (2-cm 
active  length),  only  a  small  fraction  (<5%)  of  the  incident  radiation 
was  absorbed.  Spectral  and  temporal  analysis  of  the  HF  laser 
revealed  simultaneous  operation  on  the  2  -►  1  and  i  —  0  tran¬ 
sitions  over  most  of  the  laser  pulse,  with  the  majority  of  the  pulse 
energy  concentrated  in  the  P(6)  and  P(7)  rotational  lines,®  The 
DF  laser  was  -cscd  ir.  preference  to  the  HF  laser  r,’r,-'i) 
measurements  were  critical,  because  HF(Aii=3)  ove.-tone  emission, 
typically  present  at  early  times,  spectrally  overlapped  the  NF(a-X) 
band." 

In  the  third  experiment,  approximately  5  J  of  multimode  un¬ 
tuned  10.6-jim  radiation  from  a  carbon  dioxide  TEA  laser  (300-ns 
pulse  width)  was  focused  to  a  I  -cm-diametcr  spot  inside  a  second 
photolysis  cell  that  was  equipped  with  NaCI  windows  at  Brewster's 
angle  for  passage  of  the  laser  beam  and  orthogonal  quartz  windows 
for  viewing  of  the  chemiluminescence.  The  i  contained  ap¬ 
proximately  0. 1  Torr  of  FN).  5  Torr  of  SFj,  0-1  lorrofHj.aid 
5  Torr  of  Ar  used  to  purge  the  NaCI  windows,  with  the  balance 
He  to  a  total  pressure  of  25  Torr.  Apertures  were  placed  in  the 
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side  .irnis  o(  (Ik-  rc.Ktor  for  p.ivs.\gc  of  the  l.iscr  buini  and  Ar  purge 
flows,  sshieh  sscre  set  to  limit  the  ibsorption  of  ihc  laser  radiation 
111  ihc  ecnier  of  ihc  photolysis  ecll  Ihc  resulting  ehcniilu 
inincseenec  einissioiis  sscre  .iii.il)/ed  by  the  gated  OMA  and 
Tillered  Si  pholodiixlc/signal  averager  1  he  s.amc  experiment  ssas 
repealed  in  a  redesigned  cell  using  a  Imc-fiKused  500  mJ  ('().- 
I.'.scr  III  opiiealls  sidc-pump  a  0  25-i  ni  length  of  a  0  25  x  7  5  tnv 
jci  of  rc.ietivc  g.is  contained  inside  a  vcliK'its -matched  Ar  shield 
floss  In  the  active  portion  of  this  reactor,  the  partial  pressures 
sscre  approximately  I  5  1orrof  I  N,.  15  1  orr  of  SF^,  and  balance 
He  to  a  total  pressure  of  1 50  Torr 

In  both  laser  experiments,  trace  quantities  (<2'?r  of  initial  I'N  ,1 
of  lli(CTI,),  were  admitted  to  the  reactors  by  injecting  a  small 
floss  of  He  that  wai  bubbled  through  itic  liquid,  which  was  stored 
in  a  trap  that  was  cooled  to  -63  5  ®C  jy  a  chloroform  slush  bath 
The  gas  pressures  in  all  of  the  reactors  were  monitored  by  elec¬ 
tronic  manometers,  and  the  concentrations  of  BifCH,),  in  the 
reactors  sscre  inferred  from  :’ic  vapor  pressure  curve  provided  b> 
the  manufacturer.  Absolute  conccnira'ions  of  NF(a)  and  NF(b) 
sscre  calculated  froni  the  Si  photodiode  signals  oy  using  me  known 
A  coefficients  for  the  a  —  X  and  b  X  emission  bards  .at  874 
and  528  nm,  rcspcclivclyl'  Calibration  factors  sscre  determined 
for  the  phoiodusdc/ filter  combinations  using  a  standard  lamp 
whose  spectral  oulp'il  is  traceable  to  the  National  Bureau  of 
Standards.  The  major  uncertainty  in  these  measurements  was 
estimation  of  the  emitting  volume  which  was  defined  by  the  ex¬ 
citing  laser  beam  and  other  apertures  in  the  optical  detection 
system  The  accumulated  error  in  the  absolute  NFfa.b)  con¬ 
centrations  is  estimated  to  be  in  the  range  25-50%. 

Results 

Flow  Tube  Chcniiluntinescencc.  Flow-  tube  experiments  s  ere 
conducted  witn  the  cold  trap  (  sed  to  purify  the  FN,/He  flow) 
at  ambient  temperature,  sir,  .■  the  presence  of  HF  byproduct 
impurities  was  not  critical  to  the  results  or  their  interpretation. 
In  the  absence  of  D;  addition,  no  visible  emission  resulted  from 
the  reaction  of  F  atoms  with  FN,.  Upon  addition  of  D,.  however, 
a  bright  diffuse  rose-colored  flame  appeared  and  extended  10-20 
cm  downstream  of  the  mixing  region.  Spectral  scans  with  the 
OMA  revealed  that  the  major  emitters  were  Nj(B)  and  NFfa.b). " 
The  Nj  emissions  were  expected  following  production  of  NF(a), 
since  D  atoms  (obtained  from  the  F  +  Dj  reaction)  are  known 
to  initiate  a  chain  with  NFfa)  that  leads  to  formation  of  Nj(B) 

To  quantify  the  yield  of  NFfa),  the  Dj  flow  was  stopped  and  the 
F,  flow  that  was  titrated  with  HN,  (for  generation  of  FN,)  was 
also  turned  off,  so  that  HN,  was  admitted  to  the  flow  tube  in  place 
of  FN,.  The  reaction  of  HN,  with  excess  F  atoms  is  known  to 
produce  NFfa)  with  ncar-unil  elTiciency**  as  well  as  a  much 
smaller  yield  of  NFfb)  due  to  energy  pooling  between  NFfa)  and 
vibrationlly  excited  HF  from  the  F  +  HN,  reaction.**  The  green 
NF(b-X)  emission  was  readily  visible,  while  the  near-infrared 
NF(a-X)  emission  was  monitored  by  the  OMA.  The  HN,  is 
completely  reacted,  the  NFfa)  reaches  its  peak  concentration,  and 
the  NF(b-X)  emission  is  totally  contained  within  the  field  of  view 
in  this  experiment  Turning  on  the  F,  flow  to  the  FN,  generator 
progressively  diminished  the  NF(b-X)  emission,  which  was  ex¬ 
tinguished  entirely  when  the  F,  was  adjusted  to  either  maximize 
the  yield  of  FN,  (measured  at  420  nm)  or  just  eliminate  the 
residual  HN,  (measured  at  3000  nm),  as  expected.  With  the  i", 
flow  turned  off  again,  Dj  was  then  added  to  the  flow  tube  until 
the  NF(a-X)  emission  was  attenuated  significantly  (•~4x)  due 
to  competition  between  the  F  -I-  D,  and  F  +  HN,  reactions.  The 
Fj  flow  to  the  FN,  generator  was  then  reestablished  to  optimal!) 
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Figort  3.  Comparison  of  typical  NF(a)  and  FNj  lime  profiles  foMowing 
pulsed  DF  laser  excitation  of  FN3/DF  gas  mixture. 

convert  HNj  to  FN3.  This  procedure  restored  the  NF(a-X) 
emission  to  near  its  original  intensity  (F  +  HN  .  reaction).  Since 
at  most  one  FN3  molecule  is  formed  from  each  HN3  molecule 
(upon  titration  with  Fj)  and  since  HN3  is  an  efficient  precursor 
of  NF(a).  these  results  show  that  FN3  is  also  an  efficient  precursor 
of  NF(a).  The  mechanism  of  reaction,  however,  cannot  be  de- 
lermined  from  the  flow  tube  experiment,  since  there  is  no  temporal 
resolution  and  D]  addition  both  heats  the  bath  gas  and  generates 
vibrationally  excited  DF  molecules.  These  data,  nonetheless, 
provided  the  initial  motivation  for  the  more  definilive  experiments 
that  followed. 

HF/DF  Laser  Photolysis.  Since  the  infrared  absorption 
bands*  '*  of  FN3  do  not  match  the  HF/DF  laser  wavelengths,** 
HF/DF  was  added  to  FNj  in  the  photolysis  cell  to  act  as  a 
sensitizer.  Laser  excitation  of  the  FN}/sensitizer  gas  mixture  also 
resulted  in  rose-colored  chemiluminescence.  The  principal  em¬ 
itters,  as  in  the  flow  tube,  were  NF(a,b)  and  Nj(b).  Overtone 
emission  from  the  HF/DF  was  also  present.  Careful  titration  of 
HNy  with  Fj  (to  generate  FNj),  use  of  the  cold  trap  to  remove 
residual  HNj  (and  byproduct  HF),  and  frecze-thaw-pumping 
of  the  HF/DF  sensitizer  before  use  (to  remove  H2/D,  generated 
by  passivation  of  the  cylinder  walls)  were  almost  completely 
effective  in  eliminating  the  Nj  emissions.  When  these  procedures 
were  not  followed,  the  laser  pulse  occasionally  initiated  a  defla¬ 
gration  of  all  gas  inside  the  photolysis  cell.  By  avoiding  this 
condition  and  using  apertures  to  limit  the  field  of  view  of  the 
detector,  we  were  able  to  confirm  that  the  HF/DF  overtone  and 
the  NF  emissions  were  confined  to  the  volume  of  gas  that  was 
optically  pumped  by  the  larer. 

The  time  profile  of  the  HF/DF  emissions  closely  followed  the 
laser  pulse  in  most  experiments,  while  the  appearance  of  NF(a) 
due  to  DF  laser  excitation  was  delayed,  as  shown  in  Figure  3. 
(The  laser  was  fired  at  t  =  0.)  The  peak  concentration  of  NF(a) 
increased  with  increasing  HP/DF  concentration  and  moved 
forward  in  time.  With  lower  HF/DF  concentrations,  a  significant 
gap  in  time  opened  up  between  the  decay  of  the  HF/DF  emissions 
and  the  appearance  of  NF(a)  during  which  there  was  no  significant 
emission.  Figure  4a  shows  a  similar  time  profile  of  the  874-nm 
emission  collected  with  HF  in  place  of  DF  as  the  sensitizer  and 
by  use  of  the  HF  laser  for  excitation.  In  this  experiment,  the 
detector  responded  to  both  the  HF(Au=3)  and  the  NF(a-X) 
emissions:  however,  an  cmissia  spcx:trum  collected  with  the  OMA 
temporally  gated  to  the  early  portion  of  the  time  profile  demon¬ 
strated  that  the  initial  (0-2S  fis)  decay  is  due  solely  to  HF  emission. 
This  result  is  expected  in  view  of  the  absence  of  any  NF(a) 
emission  during  the  similar  time  period  in  Figure  3.  Figure  3  also 
demonstrates  that  the  corresponding  decay  of  the  h7d3  concen¬ 
tration  occurred  in  two  stages.  The  first  stage  of  FNj  decay  was 
coincident  with  the  decay  of  the  HF/DF  emission,  while  the  second 


t-lgurca.  Time  profile  of  874  nin  emission  intensity  followng  pulsed  HF 
laser  excitation  of  FN,/HF  gas  mixture  (a)  and  effect  of  adding  10  Torr 
of  SFt  to  the  gas  mixture  |b). 

SI  "c  was  coincident  with  the  delayed  appearance  of  NF(a).  The 
f  ;ion  of  FM3  consumed  in  the  initial  decay  increased  with 
incicasing  HF/DF  concentration,  but  the  amplitude  of  the  net 
decay  remained  constant,  suggesting  that  all  the  FNj  was  con- 
sum^  in  each  case.  These  observations  suggest  that  vibrationally 
excited  HF/DF  dissociates  FN3,  but  docs  not  yield  NF(a),  and 
that  a  second  mechanism  is  responsible  for  the  subsequent  decay 
of  FNj  which  liberates  NF(a).  The  largest  peak  NF(a)  con¬ 
centration  was  9.7  X  lO'^/cm*.  obtained  with  9  Torr  of  DF  and 

2  Torr  of  initial  FNj,  approximately  50  us  after  initiation  of  a 
20-mJ,  10-ms  laser  pulse.  The  peak  NF(b)  concentrations  were 
monically  2  orders  of  magnitude  smaller  than  the  corresponding 
NF(a)  yields. 

By  use  of  low  HF  concentrations  (1  Torr)  and  relatively  short 
(1-2  »is)  laser  pulses,  it  was  possible  to  observe  the  free  decay  of 
the  HF(Au=3)  emission.  The  approximate  decay  time  of  the 
HF(u)  signal  was  diminished  from  20  us  (in  the  absence  of  FNj) 
to  about  10  us  when  1  Torr  of  FNj  was  added.  Therefore,  the 
rate  of  FNj  quenching  of  HF(o),  which  sets  an  upper  limit  on 
the  rate  of  FNj  dissociation  ty  HF(ii),  is  shown  to  approximate 
the  V-T  rate  for  HF  self-quencning*‘  or  about  3  X  10'’*  cm*/s. 
The  decays  of  NF(a)  following  its  peak  were  also  too  fast  to  be 
explained  by  quenching  due  to  He,  HF,  or  Nj  resulting  from  FNj 
decomposition.**  Setser*'  recently  reported  that  NF(a)  is  subject 
to  second-order  decay  (self-annihilation)  at  a  rate  of  2.2  X  lO"'* 
em’/s,  based  on  low-density  flow  tube  expieriments  at  NF(a) 
vMiiCciitaations  of  10'*  cil'i'.  %Vc  li'iCrcfoiC  fit  our  decay  curves 
to  second-order  kinetics  and  obtained  an  average  rate  constant 
of  3  X  KT'*  em’/s.  in  good  agreement  with  Setser's  finding.  Since 
our  data  were  collected  at  NF(a)  concentrations  that  were  typically 

3  orders  of  magnitude  larger  than  in  the  Sclser  study,  the  sec¬ 
ond-order  nature  of  the  quenching  is  apparent. 

Addition  of  50  Torr  of  SFj  to  the  photolysis  cell  eliminated  the 
appearance  of  NF(a)  completely.  As  shown  in  Figure  4b,  in¬ 
termediate  levels  of  SFj  addition  reduced  the  peak  NF(a)  con¬ 
centration  significantly  and  delayed  the  onset  of  NF(a)  production 
relative  to  no  SF*  addition  (Figure  4a)  but  had  little  effect  on  the 
subsequent  rate  of  NF(a)  decay.  This  behavior  is  incompatible 
with  quenching  by  SF4  as  an  explanation  for  the  reduction  of  the 
peak  NF(a)  signal,  since  quenching  would  also  advance  the  peak 
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Fig«r»  5.  Comparison  of  (a)  measured  and  (b)  calculated  BiK(A-X) 
emission  spectra. 

NF(a)  concentration  in  time  and  increase  the  rate  of  NF(a)  decay 
in  proportion  to  the  amplitude  reduction,  which  is  not  observed. 
The  result  is  not  surprising,  since  SFj  is  expected  to  be  a  slow 
quencher  of  NF(a).  The  heat  capacity”  of  SF*.  however,  is 
substantially  larger  than  He.  Addition  of  SF4  therefore  tends  to 
reduce  the  rise  in  temperature  of  the  bath  gas  due  to  reactive 
heating,  which  is  turn  slows  the  rale  of  tlicinial  dissociation  of 
the  FNi  Consequently,  the  observations  noted  above  are  con¬ 
sistent  with  delayed  production  of  NF(a)  by  thermal  dissociation 
of  FNj,  which  begins  to  occur  when  the  temperature  of  the  bath 
gas  had  increased  sufFicienily  due  to  heat  released  in  the  preceding 
reactions. 

The  gas  temperature  was  measured  spectroscopically  by  trace 
addition  of  Bi(CHj)3  which  resulted  in  intense  BiF(A-X)  emis¬ 
sion"-’®  that  tracked  the  NF(a)  time  profile.  A  high-resolution 
(0.2-nni  fwhm)  spectrum  of  theAu  =  2  and  0  —  3  transitions  was 
recorded  by  using  the  OMA  with  a  AO-fis  gate  initiated  at  the  peak 
of  the  NF(a)/BiF(A)  time  profile.  The  recorded  spectrum  was 
normalized  on  a  relative  basis  by  assuming  that  the  instrument 
response  was  a  smooth  (linear)  function  of  wavelength  over  the 
limited  range  between  the  0  —  2  and  0—3  transitions.  The  slope 
of  the  instrument  response  function  was  then  adjusted  so  that  the 
normalized  0—2  and  0—3  intensities  were  in  accord  with  the 
ratio  of  the  corresponding  Franck-Condon  factors."  The  vi¬ 
brational  and  rotational  temperatures  were  then  obtained  from 
the  relative  intensities  and  widths  of  the  0  —  2,  I  —  3.  2  —  4, 
and  3  —  .3  bands,  by  comparison  to  a  srrics  of  temperature-de¬ 
pendent  synthetically  calculated  BiF(A-X)  emission  spectra  that 
were  adjusted  for  instrument  resolution.  The  calculations  were 
performed  and  provided  to  us  by  Koffend  and  Herbelin."  The 
normalized  and  synthetic  spectra  were  shown  in  Figure  5,  a  and 
b,  respectively,  which  demonstrate  a  good  fit  to  T  =  950  ±  50 
K  for  both  the  rotrtional  and  vibrational  temperatures. 

CO2  Laser  Pyrolysis.  The  preceding  experiments  provided 
mechanistic  information  on  the  dissociation  of  FNj  but  were  not 
optimal  for  determining  the  NF(a)  branching  ratio,  since  only 
a  fraction  of  the  FNj  was  dissociated  thermally  and  the  second- 
order  decay  of  NF(a)  occurred  on  a  time  scale  that  was  compe¬ 
titive  with  the  dissociation  reaction.  To  overcome  these  difficulties, 
as  well  as  to  verify  the  thermal  dissociation  mechanism,  a  COj 
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lascr-induccd  temperature  jump  experiment  was  performed  to 
trigger  the  ihcrnial  dissociation  reaction  directly  The  incident 
laser  radiation  was  absorbed  by  SF4,  rc.sulting  in  both  generation 
of  I-  atoms  by  multiphoton  processes  and  heating  of  the  bath  gas 
by  V-T  quenching.  At  'he  high  concentrations  of  SF'^  used  (5 
Torr),  thcrnialyzing  SF(,-SI  ^  collisions  limit  the  F  atom  yield" 
to  approximately  100  niTorr;  consequently,  the  major  effect  of 
the  laser  excitation  was  10  induce  a  rapid  jump  in  gas  temperature. 
Recall  that  in  the  flow  lube  experiment  no  visible  emission  resulted 
from  admitting  I  N,  to  a  similar  environment  of  F  atoms.  Direct 
absorption  of  the  incident  laser  radiation  by  FN,  docs  not  occur 
in  thr  experiment;*  '®  therefore,  appearance  of  NF(a)  demonstrates 
thermal  dissociation  of  the  FN,.  Because  of  the  higher  tem¬ 
peratures  that  can  be  achieved  by  CO,  laser  pumping  in  relatively 
short  times,  NF(a)  is  expected  to  reach  its  peak  concentration 
much  more  rapidly  than  in  the  HF/DF  laser  experiments,  wlicie 
the  healing  is  due  to  relatively  slow  quenching  reactions.  The  FT9, 
concentration  in  these  experiments  was  also  lower  than  in  the 
HF/Df-  experiments,  since  the  cell  design  required  lower  pressures 
to  promote  uniform  mixing.  Visual  observation  of  the  NF(b-X) 
emission  demonstrated  that  the  Ar  window  purges  tended  to  sweep 
the  FN,  out  of  the  laser  beam  when  the  photolysis  cell  was  op¬ 
erated  at  pressures  greater  than  25  Torr.  At  these  lower  FN, 
concentrations,  less  NF(a)  is  formed,  and  consequently  the  sec- 
oiio-ordcr  decay  of  NF(a)  is  slower.  Therefore,  the  peak  NF(a) 
concentration  in  this  experiment  is  much  closer  to  the  nascent  yield 
of  NF(a)  produced  by  the  dissociation  of  FN',  than  in  the  HF/DF 
experiments. 

Excitation  of  the  SF^/FN, /buffer  gas  mixture  by  the  CO,  laser 
generated  both  NF(a)  and  NF(b)  rapidly,  with  no  significant  N, 
emission,"  and  the  peak  yield  of  NF(a)  corresponded  to  70%  of 
the  FN,  molecules  that  were  initially  within  the  active  volume 
of  the  CO,  laser  beam.  As  in  pnor  expcnmenls,  the  yield  of  NF(b) 
was  typically  l'%or  less  of  the  NF(a)  concentration.  The  NF(a) 
signal  peaked  in  approximately  2  us,  consistent  with  the  bandwidth 
limitation  of  the  high-gain  preamplifier  that  was  used  to  couple 
the  filtered  Si  photodiode  to  the  signal  averager.  The  majority 
of  the  ETN,  was  therefore  converted  to  NF(a)  on  a  submicrosccond 
time  scale.  A  fit  of  the  NF(a)  decay  (I  SO-^s  half-life)  to  sec¬ 
ond-order  kinetics  also  yielded  a  rate  constant  of  3  x  lO"'*  em’/s. 
in  good  agreement  with  both  Setser’s  data”  and  the  HF/DF  laser 
cxiTcrimenis,  where  the  peak  NF(a)  concentrations  were  a  factor 
of  2-5  higher.  Addition  of  H,  to  the  gas  mixtu.e  produced  NjfB) 
and  enhanced  the  yield  of  NF(b)  by  the  same  mechanisms'’-^’ 
that  occurred  in  the  flow  tube,  while  addition  of  trace  Bi(CH,), 
yielded  an  intense  BiF(A-X)  signal  that  followed  the  NF(a)  time 
profile  after  an  induction  period  of  approximately  10  us. 

Since  FN,  is  not  consumed  to  heat  the  buffer  gas  in  these 
experiments,  it  is  more  efficiently  utilized  to  generate  NF(a). 
Consequently,  the  attainable  NF(a)  concentrations  are  limited 
primarily  by  the  initial  FN,  concentration,  provided  the  disso¬ 
ciation  reaction  remains  fast  compared  to  the  second-order  an¬ 
nihilation  of  NF(a).  To  achieve  the  highest  possible  NF(a) 
concentrations,  we  therefore  performed  similar  experiments  in  the 
redesigned  high-pressure  reactor  which  yielded  peak  NF(a) 
concentrations  as  large  as  3  x  lO'Vcm’.  The  time  for  FN, 
consumption  ( 10%  —  90%)  in  this  reactor  was  approximately  2 
us  as  revealed  by  absorption  measurements  at  210  nm;  the  tem¬ 
perature  at  the  peak  of  the  NF(a)  time  profile  (coincident  with 
90%  FN,  consumption)  was  found  to  be  approximately  1 150  K 
by  spectroscopic  analysis  with  trace  addition  of  BifCH,),,  and 
the  NF(a)  decayed  to  50%  of  its  peak  concentration  in  about  5 
us.  A  detailed  study  of  the  performance  of  this  reactor  is  in 
progress,  and  the  results  will  be  forthcoming  in  a  future  publi¬ 
cation. 

Discussion 

While  NF(a)  production  by  thermal  dissociation  of  FN,  is 
clearly  indicated  by  the  above  experiments,  the  source  of  the 
reactive  heal  to  raise  the  gas  temperature  in  the  HF/DF  laser 
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experiments  is  uncertain.  Since  the  decay  of  the  vibrationally 
excited  HF/DF  molecules  can  be  separated  in  time  from  the 
appearance  of  the  NF(a),  it  follows  that  reactive  heating  of  the 
bath  gas  is  controlled  by  the  decay  of  metastable  intermediates, 
at  least  for  low  FIF/DF  concentrations.  Also,  since  interaction 
of  FNj  with  vibrationally  excited  FIF/DF  dissociates  the  molecule, 
but  docs  not  yield  NF(a),  it  is  likely  that  NF(X)  is  produced 
instead.  A  potenti.al  mechanism  for  NF(X)  generation  is  V  -» 
E  energy  transfer  from  vibrationally  excited  HF/DF  molecules 
to  FNj,  yielding  the  triplet  state  which  then  dissociates.  Wilkins 
has  performed  a  series  of  NEST  calculations”  that  model  the 
optical  pumping  of  HF  molecules  under  our  experimental  con¬ 
ditions  (without  FN3).  Thc'c  calculations  show  peak  i>  =  1  and 
V  =  2  mole  fractions  of  roughly  10%  and  1%,  respectively  Rased 
on  Michel's  placement  of  the  triplet  state’  in  FNj,  only  the  energy 
levels  of  HF  at  or  above  o  =  2  could  dissociate  FNj  by  this 
mechanism.  If  dissociation  of  FNj  upon  collisions  with  HF(n=2) 
occurs  at  a  rate  of  3  X  10'"  cm/s,  then  the  apparent  rate  of 
quenching  of  HFfu)  by  FN3  would  be  3  X  10'*^  em’/s  (the  HF 
ladder  is  equilibrated  by  rapid  V-V  collisions),  and  the  initial  decay 
of  the  FN3  should  occur  on  the  10-ms  time  scale,  consistent  with 
the  data.  The  following  reaaions  are  therefore  capable  of  heating” 
the  bath  gas: 

FN3  —  NF{X)  +  Nj  +  2.8  eV  (1) 

2NF(X)  —  Nj(X)  -t-  2f  +  3.6  eV  (2) 

NF(X)  +  FN3  —  NjFj*  +  Ni  +  7.5  eV  (3) 

The  estimated  rate  of  quenching  of  vibrational! v  excited  HF  by 
FN3  shows  that  reaction  1,  induced  by  vibrationally  excited 
HF/DF.  is  probably  the  rate-limiting  step,  as  might  be  expected 
since  spin  is  not  conserved.  When  NF(X)  is  produced  slowly  at 
(  ambient  temperature  by  thermal  dissociation  of  FN3  and  subsquent 

I  quenching  of  the  NF(a),  reaction  3  is  expected  to  dominate  over 

reaaion  2  because  of  the  linear  vs  quadratic  dependence  on  NF{X) 
concentration.  This  result  i.s  consistent  with  Haller’s  observation' 
that  NjFj  is  formed  efficiently  by  slow  thermal  decomposition 
of  FN3.  In  the  HF/DF  laser-driven  cxpcriiaents,  however,  the 
NF{X)  and  FN3  concentrations  may  be  comparable  which  would 
allow  reactions  2  and  3  to  compete  with  each  other.  Energy 
released  by  any  of  these  reactions  can  be  tied  up  in  vibrational 
excitation  of  the  products,  which  then  heat  the  bath  gas  upon  V-T 
quenching  after  a  time  delay.  Moreover,  spin  conservation  in 
reaction  3  implies  that  electronically  excited  triplet  N2F2*  is 
formed  in  prel^ercnce  to  the  singlet  ground  state.  Ab  initio  cal¬ 
culations  of  the  N2F2  potential  surfaces  performed  by  Brenner^’ 
have  indicated  that  the  lowest  triplet  (metastable)  state  lies  at 
4.5  eV,  within  easy  reach  of  the  heat  releasi’-^’  in  reaction  3. 
Therefore,  slow  electronic  quenching  may  also  be  a  factor  in  the 
heating  of  the  bath  gas  prior  to  thermal  dissociation  of  FN3.  In 
any  case,  since  vibrationally  excited  HF/DF  initiates  and  controls 
the  (first)  decomposition  of  FN3  (which  rcaciively  heats  the  bath 
gas),  increasing  the  HF/DF  concentration  is  expeaed  to  accelerate 
the  NF(a)  time  profile,  as  observed.  Thermodynamic  estimates’-® 
also  show  that  decomposing  approximately  two-thirds  of  the  initial 
FNj  yields  the  observed  gas  temperatures  at  the  peak  of  the  NF(a) 
time  profile,  in  good  agreement  with  the  FNj  absorption  data  in 
Figure  3. 

To  achieve  the  highest  NF(a)  concentrations  in  the  HF/DF 
experiments,  thermal  dissociation  of  FNj  must  be  induced  as 
rapidly  as  possible  to  minimize  the  effect  of  the  second-order  decay. 
Since  even  I  mJ  of  incident  radiation  saturates  the  HF/DF 
molecules  that  are  exposed  to  the  laser  beam,  increased  laser 
energy  has  little  effect.  Larger  HF/DF  concentrations  and  longer 
laser  pulses  are  useful,  however,  because  only  about  10%  of  the 
HF/DF  rotational  distribution  is  directly  pumped  by  the  laser, 
and  these  factors  increase  the  number  of  molecules  that  interact 
with  the  laser  beam  as  well  as  promote  faster  and  mo.-e  complete 
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rotaiionai  rcdisiribuiion  during  the  laser  pulse. At  10  Torr  of 
HF  concentration,  a  maximum  temperature  rise  of  100  °C  due 
to  hscr  absorption  is  e-stimalcd  based  on  the  NEST  calculations,” 
adjusted  for  quenching  of  HF((')  by  FNj  Thi.-,  temperature  rise 
is  insufficient  to  drive  the  thermal  dissocialicn  of  I'N,  by  itself; 
however,  it  can  have  a  significant  effect  in  combination  with 
reactions  1-3  due  to  the  exponential  dependence  of  the  dissociation 
rate  on  temperature.  Finally,  since  thern.al  dissociation  of  FNj 
(to  yield  NF(a))  and  the  subsequent  self-quenching  o''NF(a)  are 
both  exothermic  processes,  the  dissociation  re.  .tion  is  expected 
to  drive  to  completion  once  it  is  thermally  initiated,  in  line  with 
our  experimental  observation; . 

Regardless  of  the  mechanisms  that  heat  the  bath  gas,  the  critical 
factors  that  control  the  NF(a)  time  profile  arc  the  temperature, 
the  frequency  of  collisions  between  FNj  and  the  bath  gas,  the 
activation  energy  for  dissociation,  and  the  second-order  decay 
process.  Since  Setser's  data”  and  both  of  our  laser  experiments 
show  good  agreement,  the  second-order  decay  rate  of  A:„  =  3  x 
10  '’ em’/s  is  confirmed.  As  an  aside  wc  also  confirm  Setser's 
finding  that  too  little  NF(b)  is  produced  to  ace  unt  for  the  sec¬ 
ond-order  decay  rate  by  energy  pooling  of  two  NF(a)  molecules 
to  yield  NF(X)  and  NF(b).  (3n  the  other  hand,  the  reaction  to 
form  a  Nj  molecule  and  two  F  atoms  could  possibly  account  for 
the  observed  decay  kinetics.  The  acti\  -''on  energy  and  collision 
frequency  can  be  estimated  from  the  value  of  A:,  and  the  HF/DF 
data  as  follows. 

Once  a  FNj  molecule  is  sufficiently  energized  to  overcome  the 
activation  barrier,  dissociation  will  occur  on  the  lime  scale  of  a 
vibrational  period  or  10  '*  s,  while  the  time  between  collisions  is 
longer  than  1  O'"* s  at  150Torr.  Substantially  (10*  limes)  longer 
lifetimes  for  the  activated  FNj  molecules  are  unlikely  because  of 
the  simple  structure  which  allows  the  molecule  to  be  treated  as 
a  pscudodiaiomic  as  discussed  in  tlic  Introduction.  Consequently, 
collisions  with  the  buffer  gas  are  not  effective  in  rcstabilizing  the 
activated  FNj  niolecules,  and  the  conversion  of  FNj  to  NF(a)  is 
rate-limited  by  the  production  of  the  activated  FNj  molecules. 
In  this  (low-pressure)  limit,  the  rale  of  appearance  of  the  disso¬ 
ciation  products  is  proportional  to  the  concentration  of  collision 
partneis.”  The  rate  equation  for  NF(a)  at  the  peak  of  is  lime 
profile  can  therefore  be  written  as 

d[NF(a))/df  -  L.ICKFN,]  -  A:,[NF(a)l’  =  0  (4) 

where  (C)  is  the  concentration  of  collision  partners  (bath  gas) 
and  k,  is  the  apparent  dissociation  rate  constant.  Since  the  ac¬ 
tivation  energy  (£,)  is  large  compared  to  kT.  the  FNj  molecule 
must  accumulate  sufficient  energy  to  dissociate  as  a  result  of 
several  collisions  and  since  typically  one  vibrational  quantum  of 
energy  (£,)  is  either  added  to  or  subtracted  from  the  azide  in  each 
of  these  events,  the  energy  necessary  to  dissociate  the  molecule 
is  acquired  in  random-walk  fashion.  Statistics  also  favors  collisions 
that  relax  FNj  over  those  that  increase  its  internal  energy. 
Consequently,  the  number  of  collisions  required  to  induce  disso¬ 
ciation  is  (£,/£,)’  cxpt,£,//<n.  The  collision  frequency  is  given 
by  the  product  of  the  cross  section  (o^)  and  the  thermal  velocity 
term  (8w£7  /  A/)'/’  where  M  is  the  reduced  mass  of  the  colliding 
pair.  The  dissociation  rate  can  therefore  be  written  as 

k,  =  o,(&irRr*/M)'/\E,/ES'  exp(-  EJRT*)  (5) 

where  T*  is  the  temperature  at  the  peak  of  the  NF(a)  lime  profile. 
Solving  eq  4  and  5  to  eliminate  k,  yields 

(NF(a))’ 

af.tirRT*/M)''\E./E,V  exp(-£./£7-)  =  (6) 

The  right-hand  side  of  cq  o  can  be  evaluated  from  the  HF/DF 
data  (Figure  3)  as  8.5  X  lO"'’  em’/s,  assuming  (NF(a))  ~ 
lO'Vcm’,  [FNj]  ~  7  X  10'’/cm’,  and  (C)  5  X  10"  cm',  at 

?■*  =  950  K.  Since  the  NF(a)  yield  drops  very  rapidly  with 
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temperature,  it  is  not  practical  to  solve  eq  6  for  and  E,  by 
collecting  additional  emission  data  at  a  significantly  lower  tem¬ 
perature.  On  the  other  hand,  the  slow  decay  of  FN3  at  ambient 
temperature  (Tg)  is  described  by  the  similar  relation 

a,{SxRTo/hf)'/\E,/F.,yexp(-E,/Rrg)  =  l/r[Cjl  =  kg 

(7) 

where  To  =  287  K,  (Co)  x  5  x  lO'*/cm’,  and  the  decay  time  (r) 
is  approximately  4  X  10-  s,  which  yields  Xo  =  5  X  I0‘“  cm  Vs. 
Taldng  M  ~  A,  since  He  is  the  predominant  collision  partner  in 
each  case,  and  setting  £,  =  503  cm"'  (the  lowest  vibrational 
frequency^  of  R'Jj)  then  allows  simultaneous  solution  of  eq  6  and 
7  to  yield  E,  =  0.63  eV  and  =  34  A^. 

The  potential  errors  in  the  preceding  analysis  include  quenching 
of  NF(a)  by  FN3  and  NF(X),  catalytic  dissociation  of  FN,  on 
the  walls  of  the  holding  tank,  and  errors  in  the  measurement  of 
7^.  Since  the  NF(a)  branching  ratio  approaches  unity  and  since 
NF(X)  would  be  scaverged  by  reactions  2  and  3,  it  is  unlikely 
that  Nr(X)  achieves  a  concentration  that  is  comparable  to  NF(a). 
Also,  since  FN3  is  not  a  radical  species,  it  is  not  likely  to  quench 
NF(a)  as  rapidly  as  NF(a).  Gholivand  ct  al.  found  that  the 
infrared  absorption  spectrum  of  gaseous  FN3  and  thin  films  of 
condensed  FN3  were  nearly  identical,  which  demonstrates  neg¬ 
ligible  intramolecular  intcraaion.'®  Consequently,  the  Teflon-lined 
walls  of  the  holding  tank  are  not  likely  to  catalyze  FN3  decom¬ 
position.  Each  of  these  potential  errors  results  in  an  underesti¬ 
mation  of  both  (Tc  and  £,.  Since  E,  is  determined  from  a  loga¬ 
rithmic  ratio  of  the  decay  rates,  relatively  large  errors  are  required 
to  change  its  value  significantly.  Such  errors  would  also  tend  to 
inacase  to  physically  unrealistic  values,  since  is  already  close 
to  the  gas  kinetic  limit.  The  value  of  £„  however,  scales  much 
more  directly  with  the  value  of  T*  (which  is  accurate  to  about 
±5%).  The  measured  value  of  E,  therefore  supports  Michel’s 
calculation  of  the  barrier  height.’  The  value  of  wc  obtained 
is  also  in  good  agreement  with  a  calculated  hard-sphere  collision 
aoss  section  of  38  based  on  bond  lengths”  and  van  der  Waals 
radii.”  The  agreement  between  our  data  and  the  above  estimate 
should  be  considered  as  fortuitous,  however,  since  the  effects  of 
long-range  T  -►  R  collisions  and  steric  factors  have  not  been 
included  in  the  analysis. 

A  computer  code  was  assembled  to  numerically  integrate  the 
differential  rate  equations  for  the  gas  temperature  and  the 
FN3/NF(a)  concentration?  in  the  side-pumped  reactor  which 
achieved  the  highest  NF(a)  concentrations.  The  optical  pumping 
by  the  COj  laser  was  treated  as  a  heat  input,  and  the  only  reactions 
were  thermal  dissociation  of  FN3  to  yield  NF(a)  with  unity 
branching  ratio  and  NF(a)  self-annihilation  to  form  Nj  +  2F. 
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By  use  of  the  kinetic  rates  discussed  above  and  available  ther¬ 
modynamic  data,’"-”  good  agreement  (±10%)  was  obtained 
between  the  model  and  the  data  for  the  simultaneous  FN,/NF(a) 
time  profiles  and  the  peak  lemperature/NF(a)  concentration  with 
only  modest  (±25%)  variation  of  the  rate  parameters.  These 
results  confirm  our  basic  understanding  of  the  kinetics  of  gen¬ 
eration  and  decay  of  NF(a)  upon  rapid  thermal  dissociation  of 
FN3. 

It  is  also  interesting  to  compare  the  production  of  NF(a)  by 
thermal  dissocation  of  FN3  to  the  F  ±  HN3  reaction,”-^*  which 
proceeds  by  first  generating  N3  radicals  (HF  abstraction)  and  then 
pass-.ng  through  an  FN3  intermediate  (F  ±  N3  reaction)  to  gen¬ 
erate  NF(a).  It  therefore  follows  that  efficient  production  of 
NF(a)  in  the  F  ±  HN3  reaction  tends  to  imply  efficient  production 
of  NF(a)  upon  thermal  dissociation  of  FN3,  as  observed.  The 
thermal  dissociation  reaction,  however,  is  much  easier  to  scale 
to  large  NF(a)  concentrations,  since  it  does  not  involve  reactive 
intermediates  (N3)  which  tend  to  sclf-annihilate.'“  The  very  large 
concentrations  of  NF(a)  that  have  been  obtained  (~  10’  of  the 
F  ±  HN3  reaction^*)  reflect  this  difference  and  the  slow 
quenching”  of  NF(a)  by  the  reaction  byproducts  (N2).  The 
attainabl.  yields  appear  to  be  limited  only  by  the  self-annihilation 
reaction  which  is  inheren:  to  any  scheme  for  generation  of  NF(a). 

In  summary,  thermal  dissociation  of  FN3  is  a  process  with  an 
activation  energy  of  approximately  0.6  eV,  which  yields  metasiabic 
NF(a)  with  near-unit  efficiency.  Large  (>10'Vcm’)  concen¬ 
trations  of  NF(a)  can  be  generated  by  this  reaction;  however,  the 
gas  temperature  itiust  bt  increased  rapidly,  so  that  the  NF(a) 
concentration  builds  up  on  time  scale  that  is  shorter  than  the 
second-order  decay,  which  occurs  at  a  rate  of  approximately  3 
X  lO"'*  em’/s-  A  significant  application  for  this  new  source  of 
NF(a)  is  the  development  of  advanced  short-wavelength  chemical 
transfer  lasers  that  are  analogous  to  the  oxygen-iodine  system,’' 
With  greater  than  lO'^/cm’  concentre  lious  of  Nr(a)  and  transfer 
rates’*  approaching  lO^'^cm’/s,  it  will  be  possible  to  obtain  partial 
inversions  on  molecules  such  as  BiF  which  have  radiative  lifetimes” 
on  the  order  of  I  iis. 
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Thermal  decomposition  of  QNj  by  pulsed  COj  laser  pyrolysis  has  been  investigated  by  using  SF*  as  a  sensitizer.  The  electronically 
excited  decomf^ition  products,  NCI(a)  and  NCKb),  were  monitored  by  absolute  time-resolved  emission  spectroscopy  while 
CINj  was  followed  by  ultraviolet  absorption.  The  results  indicate  a  higher  barrier  to  dissociation  of  CIN,  than  FN3,  consistent 
with  ab  initio  calculations,  and  an  NCI(a)  yield  of  order  unity,  based  on  a  nominal  0.7/s  radiative  rate  for  the  NCI(a-X) 
transition.  Studies  of  simultaneous  dissociation  of  FNj  and  ClNj  have  also  revealed  '.hat  NCI(a),  when  coproduced  with 
NF(a).  upconverts  the  latter  species  to  NF(b)  efficiently  (in  the  presence  of  trace  Ij)  and  cooperatively  pumps  the  IF(B) 
state  (upon  addition  of  CFjl)  by  an  energy  pooling  mechanism  that  does  not  involve  NF(b)  as  an  intermediate.  These  results 
indicate  a  potential  for  development  of  chemical  lasers  that  operate  on  either  the  NF(b-»X)  or  1F(B-*X)  transitions  at  visible 
wavelength. 


lutrodiicUon 

Production  of  electronically  excited  metastable  species  via  direct 
chemical  reaction  is  central  to  the  development  of  short-waveler.gth 
chemical  lasers  such  as  the  near-infrared  Oj-I  system.  Here  the 
reaction  of  Qj  gas  with  base-.-aturated  HjOj  generates  the  1 .0-eV 
metastable  species  Oi(a*A)  which  subsequently  pumps  the  I* 
lasing  species  by  resonant  energy  transfer.'-^  In  the  continued 
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pursuit  of  this  type  of  laser,  which  is  opterablc  at  visible  wave¬ 
lengths,  generation  of  large  concentrations  of  metastable  NF(a'A) 
has  recently  been  demonstrated’  by  fast  thermal  dissociation  of 
gaseous  FN,.  Also  reaction  with  and  energy  transfer  from  NF(a) 
to  Bi  has  been  shown  to  result  in  intense  visible  BiF(A— *X) 
radiation'  *  between  430  and  470  nm.  Since  NF(a)  stores  1.4  eV 
of  electronic  energy,'  the  excitation  of  the  BiF(A)  state  at  2.8  cV 
requires  at  least  two  collisions  with  this  inelastable  species  and 
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a  mechanism  for  energy  pooling.  Production  of  528-nm  NF(b-X) 
emission  has  also  been  demonstrated*  by  resonant  energy  pooling 
between  chemically  generated  NF(a)  and  I*  obtained  by  pulsed 
laser  excitation  of  ground-state  I  atoms.  Another  potential 
chemical  laser  is  based  on  excitation  of  the  iF(B-X)  transitions 
from  520  to  720  nm  by  multiple  collisions*  with  Ojfa). 

Metastabic  NCl(a'A)  carries  approximately  1500  cm''  more 
electronic  energy'-’  than  Ojfa)  and  is  of  the  same  electronic 
symmetry.  Consequently,  NCI(a)  may  be  used  as  a  potential  in 
situ  pump  for  I*  by  energy  transfer  to  ground-state  I  atoms  (in 
place  of  an  external  laser)  to  generate  NF(b)  or  as  a  replacement 
for  Ojfa)  in  the  Oj-I  or  potential  IF(B-X)  chemical  laser  systems. 
Use  of  NCl(a)  to  geneiate  NF(b)  or  IF(B)  is  interesting,  if  it  can 
be  obtained  by  thermal  dissociation  of  CIN3,  because  the  pro¬ 
duction  and  dissociation  of  CINj  and  FNj  can  then  be  easily 
integrated  with  each  other  in  a  common  reactor  scheme  to  generate 
mixtures  of  the  corresponding  metastable  species.  Since  the 
processes  of  X  +  Nj  reaction  and  thermal  dissociation  of  XN, 
are  physically  similar  in  the  exit  channel  and  Coombe*  has  found 
that  metastable  singlet  NX  molecules  are  produced  by  the  reactive 
mechanism  with  X  =  F  and  Cl,  our  previous  results  on  FNj 
dissociation’  suggested  that  thermal  dissociation  of  CINj  might 
also  be  expected  to  yield  metasiable  singlet  NCI  products 
Therefore,  we  have  investigated  COj  laser  pyrolysis  of  CINj  as 
a  potential  source  of  NCI(a)  and  have  studied  production  of  the 
NF(b)  and  1F(B)  states  in  the  simultaneous  presence  of  NF(a) 
and  NCl(a). 

Theory 

Covalent  azides,  such  as  FNj  and  ClNj,  have  relatively  weak 
central  bonds.’-'*  Consequently,  these  species  may  be  thought 
of  as  complexes  formed  from  more  tightly  bound  NX  and  Nj 
molecules,  as  described  in  our  prior  work,’  which  discusses  (he 
potential  energy  surfaces  in  greater  detail.  Since  the  electronic 
ground  states  of  P-lj  and  CINj  are  both  of  singlet  character,"-'’ 
the  spin-allowed  dissociation  products  are  either  singlet  (meta 
stable)  NX  and  singlet  (ground  state)  Njor  triplet  (ground  state) 
NX  and  triplet  (metastable)  Nj.  The  singlet  products  are  favored, 
however,  because  the  triplet  states  of  Nj  are  several  electronvolts 
high:r  in  energy'  than  the  singlet  states  of  N For  NCI.  The  heats 
of  formation"-'’  of  these  halogen  azides  are,  however,  large  enough 
to  allow  dissociation  into  the  singlet  products  by  an  exothermic 
reaction.  Therefore,  dissociation  of  FN3  and  CINj  only  requires 
sufficient  excitation  to  overcome  the  potential  barrier  whi-;h  lies 
between  the  bound  XNj  ground  state  and  the  separated  NX(a,b) 
and  Nj  products.  Since  the  central  bond  is  weak,  b  is  anticipated 
that  thermal  excitation  may  be  adequate  to  induce  rapid  disso¬ 
ciation  of  the  halogen  azides  at  modest  temperatures.  Once 
initialed,  the  dissociation  of  FNj  and  CINj  is  expected  to  proceed 
to  completion,  since  the  associated  enthalpy  change  will  increase 
the  gas  temperature.  Consequently,  the  primary  role  of  tem¬ 
perature  is  to  control  the  rale  of  dissociation,  rather  than  to 
compensate  a  thermodynamic  deficit. 

Ab  initio  self-consistent  field  (SCF)  calculations  of  the  equi¬ 
librium  structure  and  potential  energy  surfaces  of  the  'A'  ground 
stales  of  FNj  and  ClNj  were  performed  in  optimized  C,  geometry 
with  the  Gaussian  is  electronic  structure  code"  using  Pople's 
split-valence  (6-3 1 G*)  basis  sets.'*  Gradient  opiimizations  were 
performed  to  locale  the  geometries  of  both  the  equilibrium 
structure  and  the  transition  state.  In  the  case  of  FNj,  similar 
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Figure  I.  Results  of  ab  initio  calculations  of  the  barriers  to  thermal 
dissociation  of  the  halogen  azides. 

calculations  have  shown  a  significantly  higher  barrier  to  disso¬ 
ciation  by  stretching  of  the  F-Nj  bond  'han  by  central  bond 
fission.’  To  ensure  that  stationary  points  of  the  correct  curvature 
have  been  found,  harmonic  vibrational  frequencies  were  computed 
for  the  equilibrium  structure  fall  real  frequencies)  and  for  the 
transition  structure  (one  imaginary  frequency).  The  SCF  cal¬ 
culations  yielded  equilibrium  structures  that  were  in  close 
agreement  with  the  experimental  results  of  Christen  ei  al."  for 
FNj  and  o*  Cook  and  Gerry'*  for  CINj.  The  average  error  in 
the  bond  lengths  and  bond  angles  were  0.03  A  and  1.5°,  re¬ 
spectively.  It  is  well-known  that  SCF  frequencies  are  uniformly 
too  large  and  that  a  scaling  of  the  SCF  force  field  is  required  for 
cuniparison  with  ex.nerimcntal  results.  A  uniform  scaling  factor 
of  0.86  was  found  to  bring  the  calculated  vibrational  frequencies 
of  FNj  into  good  agreement  with  the  data  of  Gholivand,  Schatte, 
and  Winner.'’  This  same  factor  was  successfuily  applied  in  the 
CINj  calculations,  which  yielded  vibrational  frequencies  in  rea¬ 
sonable  agreement  with  the  matrix  isolation  results  of  Milligan 
and  Jacox."  Comparing  the  equilibrium  and  transition  slates, 
the  classical  barrier  height  of  ClNj  was  calculated  as  0.67  eV  or 
5444  cm'',  approximately  1600  cm''  larger  than  in  FNj.  These 
barrier  heights  are  reduced  slightly  by  corrections  for  zero  point 
vibrational  energy;  however,  correlated  calculations"  of  FNj  al 
the  CCD/6-3IG'  level  of  theory  demonstrate  a  somewhat  greater 
correction  in  the  opposite  direction,  indicating  that  the  actual 
barrier  in  CINj  may  be  slightly  larger  than  the  classical  estimate. 

The  paths  of  steepest  descent  from  the  optimized  transition-state 
geometry  were  calculated  backward  toward  the  equilibrium  state 
and  forward  to  dissociation  into  NX(a)  -f  Nj  products,  using  the 
intrinsic  reaction  coordinate  pathfinder  of  Schmidt  el  ah’®  as  shown 
in  Figure  1.  At  large  XN-Nj  separations,  these  pathways  arc 
not  reliable  since  the  dissociating  molecule  must  take  on  the 
diradical  character  of  the  NX(a'A)  product  which  cannot  be 
correctly  represented  at  the  restricted  Hartrec-Fock  level  of  theory. 
A  multiconfiguration  analysis  of  this  dissociation  region  will 
progressively  lower  these  potential  surfaces  as  the  molecule  breaks 
apart  into  separated  produris.  In  our  previous  work’  on  FNj,  we 
obtained  an  experirncnlal  barrier  height  of  approximately  0.63 
cV,  or  1 240  cm"'  greater  than  the  classical  barrier  shown  in  Figure 
I.  The  relative  heights  of  the  calculated  barriers  for  FNj  and 
CINj,  however,  should  be  accurately  predicted  at  the  SCF  level 
of  theory  since  the  electronic  structure  and  geometry  of  these  two 
halogen  azides  arc  quite  similar. 

In  the  case  of  FNj,  similar  calculations’-"  have  also  shown  that 
the  repulsive  triplet  state  which  correlates  to  Nj  +  NF(X’X) 


(15)  Christen,  D.;  Mack,  l-l.  0.;  Schatte,  G.;  Willner,  H.  J.  Am.  Chem. 
Soc  1988,  110.  707. 

(16)  Cook.  R.  L..  Gerry,  M  C  L.  J.  Chem  Phys.  1970,  53,  2525 

(17)  Gholivand,  K.;  Schatte,  G  ,  Willner,  H.  Inorg.  Chem.  1987,  26.  2137. 

(18)  Milligan.  D.  E.;  Jacox.  M.  E  J  Chem  Phys.  1964,  40.  2461. 

(19)  Michels.  H.  H  ;  Montgomery,  Jr ,  J.  A.  To  be  submitted  for  publi¬ 
cation. 

(20)  Schmidt,  M.  W.;  Gordon,  M  .S  ;  Dupuis.  M.  J.  Am.  Ceram.  .Soc. 

1985.  107.  2585. _ 


Thermal  Decomposition  of  ClNj 


Figure  1.  Schematic  diagram  of  the  apparatus  used  to  study  thermal 
decomposition  of  CINj  and  energy-transfer  reactions  of  NCI(a). 


crosses  the  potential  surface  leading  to  excited  NF(a,b)  fragments 
on  the  products  side  of  the  barrier  to  dissociation.  This  condition 
guarantees  a  high  yield  of  fi'Ffa)  upon  thermal  dissociation  of 
FN3.  as  observed,’  since  the  rN-N2  molecule  will  pass  through 
the  spin-forbidden  crossing  region  only  once  after  surmounting 
the  barrier  to  dissociation.  In  contrast,  thermal  dissociation  of 
HNj  yields  primarily  NH(X’2)  products  because  the  singlet- 
triplet  crossing  occurs  inside  the  terrier  to  dissociation.®  Although 
the  probability  of  changing  from  the  singlet  to  the  triplet  surface 
is  typically  less  than  10'’  each  time  the  crossing  region  is  en¬ 
countered,”  the  azide  is  allowed  to  leak  away  into  ground-state 
products  because  the  crossing  region  is  encountered  many  times 
before  the  molecule  acquires  enough  enetgy  to  surmount  the 
barrier  to  dissociation.  If  the  triplet  potential  curves  of  CINj  are 
similar  to  FNj  rather  than  HN3  in  this  respect,  then  a  high  yield 
of  NCI(a)  can  also  be  expected  upon  thermal  dissociation  of  the 
parent  molecule. 

Experimental  Section 

Generation  of  CINy  The  apparatus  used  for  generation  of 
NCl(a)  radicals  and  for  studying  their  energy-transfer  reactions 
is  shown  schematically  in  Figure  2.  Dilute  flows  of  CIN3  in  inert 
carrier  gas  were  produced  by  a  method  follow  mg  ■— he*’  in 
which  a  10%  mixture  of  CI3  in  Ar  was  slowly  passed  over  moist 
NaN3  contained  in  an  ice-chilled  glass  U-tube.  An  electronic  mass 
flow  meter  that  was  calibrated  with  He  to  a  wet  test  meter  was 
used  to  measure  the  Clj  flow.  The  reactor  was  operated  at  ap¬ 
proximately  350  Torr  total  pressure  and  at  a  net  flow  of  3.5  sees. 
Approximately  1  g  of  NaN3  powder  was  suspended  on  glass  wool 
that  was  loosely  packed  into  a  10- IS  cm  long  section  at  the  bottom 
of  the  2.5  cm  diameter  U-tubc.  Moisture  was  added  to  the  reactor 
by  soaking  the  glass  wool  in  water  and  then  pressing  out  the  excess 
before  treating  it  with  NaN3.  The  gaseous  product  of  the  Clj  + 
NaN3  reaction  was  dried  by  passage  through  a  5  cm  diameter 
X  15  cm  long  column  of  anhydrous  CaS04.  In  the  absence  of 
moisture,  the  yield  of  CIN3  from  the  reactor  was  diminished 
significantly.  Infrared  absorption  of  the  effluent  gas  from  this 
generator  was  studied  by  using  a  low-pressure  gas  cell  with  IR 
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transmitting  windows  and  a  f  ouricr  transform  spcctiomcter 
(FTS).  The  IR  spectra  showed  strong  absorption  bands'*  at  720, 

1 140,  and  2060  cm  ',  confirming  the  presence  of  CINj.  Mass 
spectra  o.‘  the  generator  effluent  also  showed  no  significant  peak 
at  mje  =  43  and  strong  peaks  at  mje  =  49,  51,  70,  72,  and  74, 
which  suggests  a  low  yield  of  HNj  and  indicates  a  significantly 
higher  yield  of  CINj  (measured  as  N”CI  and  N”C1)  as  wel'  as 
ur.rcacted  Clj.  The  line  strengths  of  the  chlorinated  species  were 
found  to  be  in  proportion  to  the  natural  abundance  of  the  Cl 
isotopes.” 

The  absolute  concentration  of  CIN3  in  the  effluent  of  the 
generator  was  measured  by  UV  absorption  spectroscopy  using  a 
gas  cell  with  sapphire  windows,  a  spectrometer-filtered  deuterium 
lamp  as  the  source,  and  a  1 P28  photomultiplier  tube  (PMT)  that 
was  coupled  to  a  picoammetcr  as  the  detector.  The  wavelength 
band  most  suitable  for  the  CIN,  absorption  diagnostic  was  also 
signific,intly  absorbed  by  HNj  which  is  a  potential  impurity  due 
to  the  use  of  HjO  as  a  catalyst  for  the  Clj  +  NaNj  reaction. 
Therefore,  absorption  measurements  at  three  UV  wavelengths 
(224,  241,  and  254  nm)  were  performed.  In  this  wavelength  range, 
the  absorption  cross  section  of  HNj  varies  significantly,  whereas 
the  absorption  by  CINj  is  nearly  constant.  The  relative  optical 
densities  of  the  effluent  gas  at  these  three  wavelengths  indicated 
that  CIN,  was  the  only  significant  absorber  and  that  no  detectable 
amounts  of  HNj  were  present.  Thus,  with  knowledge”-’*  of  the 
extinction  coeffick  .t,  the  concentrations  of  CIN,  could  be  mea¬ 
sured  routinely  by  UV  absorption  at  241  mn.  The  typical  CIN, 
concentration  corresponded  to  approximately  50%  of  the  Cl,  flow 
that  was  admitted  to  the  generator 

Attempts  were  also  made  to  generate  CIN,  free  from  Clj  and 
HN,  by  mixing  ihc  Clj  with  dry  NaN,  in  a  batch  reactor  and 
allowing  sufficient  time  for  completion  of  the  reaction.  In  this 
method,  approximately  7(K)  Torr  of  10%  Cl,  in  Ar  was  mixed  with 
100  g  of  freshly  ground  NaN,  in  a  2-1.  Tcfion-lined  steel  reactor. 
Stirring  of  the  azide  charge  wiih  a  Teflon-coated  magnetic  rod 
was  necessary  since  the  azide  surface  was  rapidly  passivated.  The 
FTS  diagnostic  demonstrated  that  the  reaction  was  slow  but 
complete  after  5-10  h  with  essentially  total  utilization  of  the  Clj 
and  efficient  conversion  to  CIN,  which  could  then  be  withdrawn 
as  needed.  The  CIN,  decayed  to  one-half  its  initial  value  (70  Torr) 
in  approximately  24  h.  The  rate  of  PN,  decay  at  300  K  is  sig¬ 
nificantly  faster’  than  the  corresponding  rate  of  CIN,  decay,  as 
expected,  since  the  latter  species  is  stabilized  by  a  higher  barner 
to  dissociation,  as  shown  in  Figure  I.  Equivalent  results  were 
obtained  with  the  CIN,  obtained  from  either  generator;  however, 
the  flowing  reactor  was  found  to  offer  the  convenience  of  longer 
run  time. 

Pyrolysis  Reactor.  Additional  Ar  buffer  gas  and  a  controlled 
flow  of  SFj  (that  acts  as  a  sensitizer)  .verc  added  to  the  effluent 
of  the  CIN,  generator  and  the  mixture  was  admitted  to  a 
cross-shaped  stainless  steel  reaction  cell  in  which  the  reactive  gas 
flow,  the  COj  laser  beam,  and  the  viewing  axis  for  the  emitted 
radiation  vvere  all  mutually  orthogonal.  The  CO,  laser  beam 
entcrco  and  exiled  liic  rcatior  through  NaCl  windows  that  were 
purged  with  Ar  flows  and  isolated  from  the  center  of  the  reactor 
by  apertures  (Figure  2)  so  that  absorption  of  the  infrared  photons 
only  occurred  wiihi.n  the  ,cnlral  chamber  of  the  reactor.  The 
emitted  radiation  was  detected  through  a  quartz  -window  that  was 
not  purged.  All  of  the  reactor  gases  were  purr.pcd  off  to  vacuum 
via  an  adjustable  throttling  valve,  and  the  corresponding  increase 
in  total  reactor  pressure  with  the  addition  of  each  gas  was  mon¬ 
itored  via  a  precision  capacitance  manometer.  Since  addition  of 
the  reactive  gases  had  little  effect  on  the  mean  molecular  weight 
of  the  gas  mixture  in  the  reactor,  the  discharge  coefficient  was 
not  altered  significantly.  Consequently  the  partial  pressures  were 
taken  as  additive.  The  gas  pressure  in  the  UV  absorption  cell  of 
the  CIN,  diagnostic  was  measured  with  an  inductance  transducer 
from  which  the  mole  fraction  of  the  CIN,  in  the  generator  effluent 
was  dcicrmiiied  by  using  the  CIN,  concentration  measurement 
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described  above.  Typically  the  total  pressure  in  the  reactor  was 
35-150  Torr  which  consisted  of  5-15  Torr  of  SFj,  30-300  mTorr 
of  ClNs.  attd  balance  Ar  buffer  gas  and  window  purge. 

In  some  experiments,  a  dilute  mixture  of  FN3  in  He  was  added 
to  the  reactor  in  near  equimolar  concentration  to  the  ClNj  along 
with  variable  concentrations  of  HI  or  CF3I  and  a  dilute  Ij/He 
gas  mixture  that  was  obtained  by  passing  the  carrier  gas  through 
a  4  cm  diameter  X  10  cm  deep  bed  of  Ii  crystals  at  ambient 
temperature  and  reduced  pressure.  The  fraction  of  Ij  in  this  How 
was  calculated  from  its  vapjor  pressure^’  and  a  measurement  of 
the  total  gas  pressure  in  the  saturator.  Typically,  this  procedure 
overestimates  the  I2  mole  fraction  in  the  flow;  however,  prior 
experience^*  har  shown  by  absorption  measurements  (similar  to 
those  used  for  CIN3)  that  the  error  is  less  than  a  factor  of  1.  The 
FN3  generator  and  diagnostics  have  been  described  in  detail  in 
prior  publications. 

A  nominal  lO-J  pulsed  CO2  laser  was  softly  focused  to  a  I  cm 
diameter  spot  at  the  center  of  the  reactor  by  a  100  cm  focal  length 
concave  mirror.  A  variable  pressure  SF<  cell  with  NaCl  windows 
was  also  interposed  between  the  laser  and  the  reactor  to  partially 
absorb  the  10.6-(im  radiation  and  thereby  control  the  flucnce  at 
the  reaaor,  since  the  laser  itself  was  not  easily  adjusted.  The  cell 
was  composed  cf  two  NaCI  windows  spaced  2.5  cm  apart  and  was 
filled  with  0-50  Torr  of  SF,.  The  function  of  the  CO;  laser  was 
to  rapidly  heat  the  gas  in  the  reactor  by  exatation  of  the  vibrational 
modes  of  SF(,  which  are  promptly  thermalized  upon  collisions  with 
the  buffer  gas.  The  suddenly  increased  gas  temperature  then 
triggers  dissociation  of  the  halogen  azides.  After  passage  through 
the  reactor  the  laser  beam  was  monitored  for  pulse  energy  by  an 
electrically  calibrated  power  (joule)  meter.  Only  a  small  fraction 
(<33%)  of  the  incident  laser  energy  was  actually  absorbed  by  the 
SF«  in  the  reactor. 

Optical  Diagnostics.  The  emission  detectors  included  a  gated 
optical  multichannel  analyzer  (OMA)  for  collection  of  visible 
spectra  and  a  filtered  Si  photodiode  that  was  interfaced  to  a 
step-adjustable-gain  preamplifier  and  a  digiul  signal  averager  for 
monitoring  the  time  profiles  of  the  metastable  produces.  The 
temporal  resolution  of  the  recording  system  was  limited  by  the 
bandwidth  of  the  preamplifier,  which  was  inversely  proportional 
to  the  selected  gain  setting.  The  sensitivity  and  temporal  response 
of  the  entire  recording  system  was  determined  by  using  a  freshly 
calibrated  Tektronix  Model  2235  oscilloscope  and  pulse  generator 
with  a  known  (±1%)  resistance  to  obtain  a  standard  current  pulse 
that  was  measured  in  place  of  the  photodiode.  The  time  profile 
of  the  CIN3  concentration  subsequent  to  the  CO2  laser  pulw  was 
also  monitored  by  UV  absorption  (over  a  2.5  cm  active  path 
length)  using  a  D2  lamp  as  the  source  and  a  filtered  PMT  deiecior 
that  was  coupled  to  the  signal  averager.  The  time-resolved  ab¬ 
sorption  diagnostic  is  not  shown  in  Figure  2  for  the  sake  of  clarity. 
The  synchronizing  electrical  trigger  pulses  for  the  signal  averager 
were  obtained  directly  from  the  CO2  laser  discharge  circuit. 

The  Si  photodiode  (EG&G  Model  SGD-444)  was  calibrated 
with  a  number  of  selected  interference  filters  using  a  standard 
lamp  that  is  traceable  to  the  National  Bureau  of  Standards  (now 
known  as  the  National  Institute  of  Standards  and  Technology; 
so  that  the  absolute  NF(b)  and  NCI(a,b)  concentrations  could 
be  calculated  from  the  signals  obtained.  Our  results  confirmed 
the  manufacturer's  specifications  in  regard  to  the  sensitivity  of 
the  detector.  The  recorded  signals  (in  volts)  were  taken  as  the 
product  of  the  active  volume  in  the  reactor,  the  concentration  of 
the  species  detected,  the  corresponding  A  coefficient,  the  solid  angle 
of  the  1-cm*  detector  area  (as  measured  from  the  center  of  the 
reactor)  divided  by  4t,  the  transmission  factor  of  the  filter  for 
the  radiation  detected,  the  quantum  efficiency  of  the  detector  (in 
ampere-seconds/photon),  and  the  transconductance  gain  of  our 
recording  system  (in  volts/ampere).  I  hs  filter  factors  were  ob¬ 
tained  by  measuring  their  transmission  as  a  function  of  wavelength 
on  a  commercial  spectrophotometer  and  then  comparing  this  data 


(25)  Hatel,  D.;  Benard,  D.  J.  J.  Phys.  Chem.  19*5,  89.  3275. 

(26)  Berurd,  D.  J.;  Cohn,  R.  H.  Technical  Report  87-071,  Air  Force 
Astronautics  Laboratory,  Edwards  AFB,  CA,  1988. 


Figure  3.  Time  profile  of  ClNj  concentration  following  excitation  by  a 
pulsed  CO]  laser  in  the  presence  of  SF^  as  a  sensitizer. 

with  the  known  emission  spectra^’-**  in  the  ca*-'  f  NCI(a,b)  and 
by  measurement  of  the  NF(b-X)  emission  via  1  OMA  with  and 
without  the  corresponding  filter  in  front  of  the  source.  Fillers 
were  selected  with  bandwidths  that  were  matched  to  the  width 
of  the  emission  spectrum  in  each  case.  The  active  volume  was 
taken  as  the  product  of  the  cross-sectional  area  of  the  exciting 
laser  beam  (as  measured  by  thermal  image  paper  at  the  center 
of  the  reactor)  and  the  length  along  the  beam  that  was  within  the 
detector’s  field  of  view,  as  controlled  by  a  slit  (Figure  2)  that  was 
located  close  to  the  emitting  region  and  suitably  far  from  the 
photodiode  to  approximately  collimate  the  light  that  was  detected. 
As  will  be  shown,  the  major  uncertainty  in  the  determination  of 
the  NCI(a)  yield  was  the  lack  of  a  reliable  value  for  the  corre¬ 
sponding  A  coefficient. 

Results  and  Discussion 

Dissociation  Rate.  Figure  3  shows  the  decay  of  a  nominal  initial 
300  mTorr  concentration  of  CIN3  at  a  total  pressure  of  1 50  Torr 
in  the  reactor  following  pulsed  excitation  by  the  CO2  laser  at  a 
fiuence  of  approximately  1  J/cm^.  From  parallel  studies  of  FN, 
decomposition’  the  gas  temperature  in  the  active  region  of  the 
reactor  is  known  to  approach  1200  ±  100  K  with  similar  laser 
pulse  energies  and  is  relatively  constant  during  the  process  of 
dissociation  since  the  absorbed  photon  energy  is  large  compared 
to  the  chemical  heat  release  due  to  the  use  of  a  high  diluent  ratio. 
Under  these  conditions,  FN,  dissociates  roughly  twice  as  fast’  as 
CIN3.  The  4-/iS  decay  of  CIN3  at  1200  K  and  150  Torr  pressure 
(Figure  3)  and  the  24-h  decay  at  300  K  and  700  Torr  pressure 
that  was  observed  in  the  dry  reactor  are  both  well  fit  to  a  disso¬ 
ciation  rate  of  (7  X  10'"  cm’/s)(r/300  K)«’  exp  (-9600  K/7) 
which  corresponds  to  a  barrier  height  of  0.79  ±  0.07  cV.  This 
result,  which  exceeds  the  classical  estimate  for  dissociation  of  CIN3 
by  930  cm'‘,  is  in  line  with  our  theoretical  expectations  a.>  described 
earlier.  Tlie  uncertainty  quoted  for  the  barrier  height  reflects  the 
accuracy  of  the  high-temperature  measurement.’  As  in  our 
previous  work  on  FN3,  another  potential  source  of  error  is  the 
possibility  of  catalyzed  decomposition  of  the  CIN3  on  the  walls 
of  the  dry  reactor  at  300  K.  Corrections  for  this  source  of  error, 
however,  lend  to  increase  both  the  activation  energy  and  the 
prefactor  of  the  exponential  in  the  rale  law.  Since  the  prefactor 
is  already  at  the  gas  kinetic  limit,  it  follows  that  the  decomposition 
at  room  temperature  is  essentially  thermal.  The  errors  in  the 
measured  decomposition  rales  were  not  deemed  to  be  significant 
since  these  only  have  a  weak  logarithmic  effect  on  the  determi¬ 
nation  of  the  activation  energy.  The  prefactor  of  the  exponential 
term  in  the  CIN3  dissociation  rate,  however,  is  approximately  20 
times  larger  than  the  corresponding  quantity’  for  dissociation  of 
FN3.  This  factor,  which  represents  the  rale  of  thermal  excitation 
of  the  azide  in  collisions  with  the  buffer  gas,  may  be  larger  in  the 
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Figure  4.  Visible  spectrum  of  NCI(b-*X)  emission  generated  from 
thermal  decomposition  of  CIN). 

present  CINj  experiments  (which  used  Ar  buffer  gas)  due  to  a 
mass  effe-'t,  since  our  prior  work  on  FNj  dissociation  >  ■>s  con¬ 
ducted  using  He  as  the  diluent. 

NCl(a,b)  Production.  When  the  CIN3  was  dissociated  a  red 
Flash  was  observed  in  the  reactor  which  was  confirmed  by  the 
OMA  as  NCl(b— X)  emission.'-^  The  emission  spectrum  b  shown 
in  Figure  4.  Production  of  NCl(b)  essentially  guarantees  that 
a  much  larger  yield  of  NCI(a)  will  be  obtain^  since  the  latter 
state  is  of  the  same  spin  as  the  former  but  is  less  highly  excited. 
The  visible  emission  was  also  extinguished  upon  elimination  of 
the  SFe  from  the  reaction  cell,  confirming  its  role  as  a  sensitizer. 
Direct  interaction  of  the  CIN3  with  the  COj  laser  is  not  expected 
because  the  halogen  azide  has  no  significant  absorption'*  at  the 
10.6-Mm  wavelength. 

The  near-infrared  NCl(a-*X)  emission  was  detected  by  using 
the  Si  photodiode  and  a  1.06-iim  interference  filter.  Since  the 
NCl(a-»X)  emission*’’**  has  a  very  narrow  wavelength  distribu¬ 
tion,  similar  in  appearance  to  Figure  4,  it  was  possible  to  test  for 
overlapping  emissions  due  to  other  species  by  first  using  a  nar¬ 
row-band  interference  filter  that  was  closely  matched  to  the 
spectrum  of  the  NCl(a— X)  emission  and  then  using  a  second  filter 
that  is  csentered  at  the  same  wavelength  with  approximately  5  times 
the  bandwidth.  Upon  comparing  the  results,  good  agreement  was 
obtained  after  correcting  the  data  for  the  difference  in  filter 
transmissions  at  the  NCI(a-*X)  emission  wavelength.  This 
procedure  demonstrates  that  NCI(a)  was  indeed  produced  and 
that  no  other  species  were  emitting  significantly  at  the  detection 
wavelength. 

The  time  profiles  of  the  NCI(a)  and  NCIfb)  concentrations  are 
shown  in  Figure  5.  Since  the  intensity  of  NCI(a-X)  emission 
was  small  compared  to  the  NCI(I>-X)  signal,  it  was  necessary  to 
record  the  NCi(a)  time  profile  using  higher  gain  in  the  pream¬ 
plifier  for  accurate  digitization.  This  procedure  limited  the  tem¬ 
poral  resolution  of  the  NCI(a)  signal  to  5  ms,  which  in  turn  limited 
the  apparent  rate  of  rise  of  the  NCl(s<)  conceptratio"  ’Vrirh) 
signal  was  recorded  at  reduced  gain,  but  with  I  OX  higher  band¬ 
width,  which  accounts  for  the  lower  signal  to  noise  ratio  of  the 
data.  The  rise  of  the  NCl(b)  time  profile,  however,  is  in  good 
agreement  with  the  corresponding  decay  of  the  CIN3  concentration 
as  shown  in  Figure  3.  This  result  demonstrates  that  excited 
NCl(b)  and  presumably  NCI(a)  are  nascent  products  of  the 
dissociation  process  rather  than  the  result  of  secondary  reactions. 

The  NCI(a)  and  NCI(b)  yields  were  determined  from  their 
emission  intensities  by  using  the  calibration  procedure  described 
in  the  Experimental  Section.  The  decay  of  the  metastable  NCI 
radicals  is  thought  to  be  due  to  self-annihilation  which  is  known 
to  be  the  principal  loss  channel*  for  NF(a)  obtained  from  thermal 
decomposition  of  FN3.  Since  the  rate  of  NCl(a)  decay  is  relatively 
fast,  the  processes  of  CIN3  dissociation  and  the  NCl(a)  self-an¬ 
nihilation  significantly  overlap  in  time.  Therefore,  the  correct 
initial  concentration  of  NCI(a)  was  obtained  by  extrapolating  the 
decay  curves  back  to  r  =  0.  ^re  was  taken  to  perform  the  NCl(a) 
yield  experiments  at  the  lowest  practical  CIN3  concentrations  to 
slow  the  self-annihilation  rate  and  thereby  minimize  the  error  due 
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Figure  S.  Temporal  profiles  of  NCl(a)  and  NCI(b)  on  two  different  time 
scales.  The  early  portion  of  the  NCI(a)  signal  (dashed  line)  was  obscured 
by  electrical  noise  from  the  COj  laser  (fired  at  r  =  0)  and  the  corre¬ 
sponding  rise  lime  was  limited  by  the  bandwidth  of  the  preamplifier. 

to  extrapolation.  This  procedure  also  tends  to  minimize  errors 
that  result  from  the  limited  bandwidth  of  the  preamplifier. 

The  yield  of  NCl(b)  per  CIN3  molecule  was  found  to  be  ap¬ 
proximately  0.5%,  bas^  on  the  l600/s  value  of  the  A  coefficient 
reported  by  Coombe  et  al.'*  The  A  coefficients  for  the  NCI(a-*X) 
transition  that  arc  reported**'*®  in  the  literature,  however,  vary 
widely  from  about  487/s  to  0.27/s.  Since  this  rate  constant 
directly  influer.'^s  the  yield  calculation  we  found  it  necessary  to 
evaluate  the  corresponding  references.  Normally  the  longest 
radiative  lifetime  (-'4  s)  is  presumed  to  be  correct  since  systematic 
errors  due  to  quenching  and  diffusion  tend  to  shorten  the  measured 
decay  time.  This  result,  however,  was  obtained  in  an  argon 
matrix”  which  requires  a  significant  correction  based  on  the  index 
of  refraction  for  use  in  the  gas  phase  and  is  therefore  subject  to 
error  in  either  direction.  Theoretical  calculations  by  Yarkony*® 
tend  to  support  a  1.4-s  lifetime,  as  do  the  reported  trends  in  the 
NX(a)  slate  lifetimes  and  the  b/a  lifetime  ratios'*’**'**  in  the  series 
defined  by  X  =  F,  Cl,  and  Br.  Therefore,  we  calculated  our 
NCI(o)  3iclu  ujiiig  ilit  wii'cspoiiuiiig  A  cucrricitiii  of  0.7/s. 

The  yield  of  NCI(a)  was  also  found  to  be  a  complex  function 
of  the  COj  laser  energy.  Initially  the  yield  increased  with  pulse 
energy  because  at  low  laser  fluences  the  gas  temperature  is  too 
small  to  dissociate  the  CIN3  on  a  time  scale  that  is  shorter  than 
the  decay  time  due  to  self-annihilation.  Once  dissociation  bearmes 
rapid  compared  to  the  subsequent  decay,  further  increases  in  gas 
temperature  do  not  increase  the  yield  of  NCl(a)  substantially  and 
may  potentially  act  to  reduce  the  NCI(a)  yield  by  opening  other 
dissociation  channels  that  do  not  lead  to  metastable  products.  At 
still  higher  laser  fluences,  the  yield  of  NCl(a)  apparently  increases 
again,  possibly  due  to  a  multiphoton  phenomena.  Therefore, 
relative  NCKa)  yields  were  first  determined  as  a  function  of  COj 
laser  energy  and  then  absolute  measurements  were  performed  at 
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TABLE  I:  Production  of  NF(b)  by  Halogen  Azide  Dissociation 


partial  pressure,  Torr 

rel  intensity  of 
NF(b— X) 
emission 

SF. 

FN, 

CINj 

10.7 

C.IO 

1.0 

10.7 

0.10 

0.14 

3.7 

10.7 

0.10 

0.14 

<0.02 

27.5 

7.5 

0.08 

<0.02 

2.5 

the  optimum  flucnce  of  approximately  I  J/cm^  where  a  numerical 
NCI(a)  state  yield  of  1 10%  was  obtained,  using  the  0.7/s  value 
of  the  A  coefficient. 

If  the  NCI(a)  yield  is  recalculated  by  using  the  largest  value 
of  the  A  coefficient^*  reported  in  the  literature  (498/s)  then  a 
10-fold  smaller  yield  of  NCI(a)  is  obtained  than  of  NCI(b).  This 
result  is  physically  unrealistic  since  reactions  tend  to  populate  the 
lowest  energy  produa  state  that  is  allowed  by  spin  selection  rules. 
Since  both  NCI(a)  and  NCI(b)  are  singlets,  the  CIN3  dissociation 
will  strongly  prefer  the  lower  energy  (a)  slate  as  in  the  case  of 
FNj  dissociation  where  typically  1(X)  NF(a)  radicals  are  generated 
for  every  NF(b)  radical.’  Also,  if  the  NCI(a)  yield  is  smaller  than 
the  NCI(b)  yield,  the  reaction  would  have  to  proceed  efficiently 
to  products  that  are  either  spin  forbidden,  such  as  NCI(X’2)  or 
energetically  unfavorable,  such  as  Cl  +  N3,  since  all  of  the  CIN, 
dissociates  (as  shown  in  Figure  4)  and  the  combined  NCI(a,b) 
yield  would  be  small  compared  to  unity.  Consequently,  our  yield 
data  surest  that  the  largest  value  of  the  A  coefficient  reported 
in  the  literature  is  overestimated  by  2-3  orders  of  magnitude. 

The  window  purges  on  the  reactor,  which  act  along  the  path 
of  the  laser  beam,  have  a  mean  velocity  of  approximately  100  cm/s 
through  the  apertures  that  are  shown  in  Figure  2.  Therefore,  some 
of  the  azide  molecules  were  swept  out  of  the  active  volume  of  the 
reactor.  Since  we  calculated  our  NCI(a,b)  yields  assuming  a 
uniform  spatial  distribution  of  the  parent  molecules,  the  resultant 
yield  that  was  measured  should  have  been  less  than  100%.  Prior 
experience  with  this  reattor  has  shown  that  the  correction  factor 
for  this  effect  is  approximately  2.  Consequently  our  data  also 
suggests  that  the  smallest  values  of  the  A  coefficient  reported  in 
the  literature'*-’®  are  underestimated  by  less  than  1  order  of 
magnitude. 

Since  excited-state  yields  tend  to  either  approach  unity,  in  the 
case  of  an  effective  spin  constraint  (as  expected  here)  or  a  very 
small  statistical  yield  (typically  less  than  1%)  in  the  absence  ol 
such  constraints,  it  follows  that  dissociation  of  CINj  is  at  least 
a  moderately  efficient  source  of  NCI(a).  Therefore,  apart  from 
a  somewhat  larger  activation  barrier,  the  thermal  dissociation  of 
CINj  parallels  the  case  of  FN3.  Precise  determination  of  the 
NCI(a)  yield,  however,  will  have  to  await  a  better  measurement 
of  the  A  coefficient  for  the  NCI(a-X)  transition. 

Self-Quenching.  The  peak  NCI(a)  concentration  in  the  ex¬ 
periments  reported  above  was  approximatelv  3  x  IO'’/cm’  (as¬ 
suming  a  100%  yield  from  CIN3)  and  a  40-^<s  half-life  was  ob¬ 
served,  as  shown  in  Figure  5.  As  in  the  case  of  FN,.  it  is  unlikely 
that  this  decay  can  be  accounted  for  by  reaction  with  or  quenching 
by  the  buffer  gas,  SF«,  or  Nj  by-product  that  is  generated’  and 
the  decay  occurs  well  after  the  CIN3  is  dissociated.  If  the 
quenching  of  the  NCl(a)  is  therefore  attributed  entirely  to  self- 
annihilation,  the  corresponding  rate  constant  is  about  8  X  lO’” 
em’/s,  somewhat  faster  than  for  NF(a)  which  sclf-annihilates’-”-’* 
at  a  rale  of  (3-5)  x  I  O’”  em’/s.  Since  other  factors  may  still 
contribute  to  the  observed  decay  rale  and  the  yield  of  NCI(a)  from 
CIN3  may  be  less  than  l(X)%,  this  result  should  only  be  interpreted 
as  an  approximation.  Further  rese,.rch  is  required  to  determine 
the  decay  kinetics  of  NCl(a)  in  detail. 

NF(b)  Production.  Upconversion  of  NF(a)  to  NF(b)  was 
investigated  by  the  simultaneous  dissociation  of  near  equimolar 
concentrations  of  FN3  and  CIN3.  The  NF(b-»X)  emission  was 
detected  with  an  appropriately  filtered  Si  photodiode  coupled  to 
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the  data  acquisition  system  described  previously.  Table  1  shows 
that  emission  from  NF(b)  was  weakly  enhanced  by  addition  of 
cither  CINj  or  trace  I3  to  the  FN3  in  the  reactor.  Production  of 
NF(b)  from  NF(a)  in  the  presence  of  trace  I2  (but  not  CIN3)  has 
also  recently  been  studied  in  a  flow  tube  by  Setser,’*  who  obtained 
results  that  arc  comparable  to  the  last  entry  in  Table  using  the 
F  -F  N3  reaction  (which  also  passes  through  i'N3  as  an  inter¬ 
mediate  collision  complex)  to  generate  NF(a).  In  our  experiment, 
however,  simultaneous  addition  of  both  CIN3  and  trace  Ij  yielded 
the  most  dramatic  increase  of  the  NF(b)  concentration,  by  a  large 
margin.  Since  the  ratio  of  NF(b)  to  NF(a)  obtained  from  thermal 
dissociation’  of  FNj  is  approximately  1/100,  Table  I  demonstrates 
that  roughly  one-fourth  of  the  NF(a)  radicals  were  upconveried 
to  the  NF(b)  state. 

These  data  also  prove  that  the  yield  of  NCl(a)  from  CIN3  is 
at  least  12.5%,  independent  of  the  value  of  the  related  A  coefficient, 
since  at  most  one  NF(a)  radical  can  be  upconveried  to  the  b  state 
per  NCl{a)  molecule  that  is  generated,  assuming  a  70%  yield  of 
NF(a)  from  FN3  as  measured  previously.’  With  this  result  in 
hand,  it  is  now  possible  to  place  upper  limits  of  5.6/s  on  the  A 
coefficient  and  6.4  x  10‘"  em’/s  for  the  self-annihilation  rate 
of  NCI(a).  The  actual  values,  however,  may  be  up  to  an  order 
of  magnitude  smaller  in  each  case  if  the  NCI(a)  yield  approaches 
unity  as  suggested  earlier  by  the  relative  intensities  of  the 
NCI(a,b— X)  emission  signals. 

In  this  system,  NCI(a)  may  potentially  contribute  to  the  pm- 
duction  of  NF(b)  via  the  mechanism  in  reactions  1-9.  Reaction  I 


SFj  -F  hr  (10.6  Mm)  — *  SFjfv)  (1) 

SF'jfv)  -F  M  — *  SFj  -F  M  -F  A  (2) 

FNj  +  A NF(a)  +  Nj  (3) 

CIN,  -FA  -  NCI(a)  +  Nj  (4) 

NF(a)  -F  NCI(a)  -  NF(b)  -F  NCl(X)  (5) 

2NCl(a)  -F  Ij  -  2NCI(X)  +  21  (6) 

NCI(a)  -F  1  —  NCI(X)  -F  1*  (7) 

I*  +  NF(a)  —  NF(b)  +  I  (8) 

NF(b)  -  NF(X)  +  hu  (528  nm)  (9) 


is  well-known  and  is  based  upon  an  optical  resonance  between 
the  CO2  laser  radiation  and  the  vibrational  modes  of  SFj.  Since 
the  laser  fiuence  in  our  experiments  was  well  below  the  threshold” 
for  significant  multiphoton  dissociation  of  the  SFj  and  the  pressure 
was  relatively  high,  the  yield  of  F  atoms  is  expected  to  be  small 
in  comparison  to  the  added  reactants  and  therefore  easily  sca¬ 
venged  by  reactions  with  FN3  or  C)N3  to  yield  N2  and  either  NF2 
or  NFCl  as  benign  byproducts.  Hence  absorption  of  the  CO2  laser 
radiation  only  served  to  heat  the  bath  gas  upon  thermalizing 
collisions  with  vibrationally  excited  SF^  molecules.’*  The  sudden 
addition  of  he?.’,  and  the  "scciated  jump  ;r.  gas  tc.Vipcrature  due 
to  reactions  I  and  2  enables  the  dissociation  of  FN3  to  produce 
NF(a)  by  reaction  3  which  has  been  demonstrated  in  our  previous 
investigation.’  Reaction  4  is  the  analogous  dissociation  of  CINj 
which  has  been  demonstrated  in  the  present  investigation  to 
generate  NCI(a)  efficiently.  The  reaction  of  NF(a)  and  NCI(a) 
is  sufficiently  energetic  to  produce  NF(b)  but  appears  to  occur 
slowly,  as  expected,  since  reaction  5  violates  conservation  of  spin. 
The  primary  role  of  NCI(a)  in  this  system,  however,  appears  to 
be  excitation  of  I  atoms  to  the  l*(5p’P|n)  stale  by  reaction  7  in 
a  manner  analogous  to  the  pumping  of  I*  by  02(a)  molecules  in 
the  O2-I  la.ser  system.'  In  parallel  experiments.  Bower  and  Yang” 
have  used  the  Cl  t  Nj  reaction  to  generate  NCI(a)  in  a  flow  tube 
and  have  independently  shown  that  I*  is  rapidly  produced  by 
resonant  energy  transfer  from  this  metastable  species.  In  our 
experiment,  the  I  ato.ms  are  obtained  by  dissociation  of  I2  which 
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(36)  Lenzi.  M.;ci  al.  Chem.  Phys.  1990.  142,  473. 
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may  be  either  thermal  in  nature  or  the  result  of  energy  transfer 
from  NCI(a)  as  indicated  by  reaction  6,  since  analogous  multiple 
collisions  with  Ojfa)  arc  known^*  to  dissociate  Ij.  Production  of 
NF(b)  by  reaction  8  between  I*  and  NF(a)  is  also  highly  resonant 
and  spin-allowed  and  has  been  demonstrated  to  occur  rapidly.* 
Since  the  I/I*  atoms  can  cycle  back  and  forth  between  the  NCl(a) 
and  NF(a)  molecules,  their  role  is  catalytic  (one  I  atom  can 
upconvert  several  NF  molecules).  Consequently,  only  trace 
concentrations  of  Ij  are  required  to  significantly  enhance  the 
production  of  NFtb). 

Addition  of  HI  in  place  of  I3  was  also  expected  to  enhance  the 
yield  of  NF(b),  provided  the  concentration  of  F  atoms  present 
was  adequate  to  yield  a  significant  quantity  of  ground-state  I  atoms 
via  the  fast  reaction” 

F-hHI  — HF+I  (10) 

The  effect  of  HI  addition  was  found  to  be  much  less  dramatic 
than  expected,  however,  as  the  yield  of  NF(b)  saturated  with  the 
addition  of  up  to  250  mTorr  of  HI,  showing  only  a  60%  en¬ 
hancement  over  the  yield  that  was  obtained  in  the  absence  of  HI. 
The  yield  of  NF(b)  was  also  a  highly  nonlinear  function  of  the 
iodide  addition  as  a  30%  enhancement  was  obtained  upon  adding 
orly  50  mTorr  of  HI.  These  data  reinforce  the  notion  that  the 
concentration  of  F  atoms  in  our  experiment  was  relatively  small, 
since  enhancement  of  the  NF(b)  production  by  addition  of  HI 
is  limited  in  comparison  to  the  results  obtained  upon  addition  of 
much  smaller  concentrations  of  Ij.  Also  the  saturation  charac¬ 
teristic  that  is  observed  suggests  that  F  atoms,  rather  thaii  HI, 
are  the  limiting  reagent.  It  is  therefore  unlikely  that  I  atoms  or 
IF  molecules  were  formed  in  significant  quantities  due  to  the  fast 
reaction*® 

F  +  Ij— IF-fl  (11) 

Consequently,  the  dissociation  of  Ij  into  I  atoms  must  have  oc- 
-urred  either  thermally  or  by  the  action  of  NCl(a)  as  indicated 
by  reaction  6.  This  result  is  also  significant  because  IF  is  a  known 
fast  quencher*'-*^  of  NF(b). 

IF{B)  Production.  Several  researchers**’"**  have  found  that 
.he  B’tlo  states  of  CIF,  BrF,  and  IF  can  be  obtained  upon  addition 
-f  Oj(a)  to  processes  that  are  likely  to  populate  the  lower  ’fli  and 
‘Q7  states  of  the  interhalogens,  such  as  three-body  recombination 

id  F  -h  Ij  or  X  -F  OjF  reaction,  where  X  =  Cl.  Br  or  I.  In  each 
case,  these  investigators  have  th .  ■i7«d  ‘.'..at  Ojfa)  acts  to  promote 
the  ’III  or  ’Ilj  intermediates  'c  h  I  igher  energy  B  state  via  the 
pre  is  of  energy  pooling,  (f  .n.  'e  rai  te  states  can  be  accessed 
tj  ergy  transfer  from  h'F(a'  'o  gruund-state  interhalogens  and 
if  NCI(a)  can  act  in  the  place  of  Ojfa),  then  it  should  be  possible 
cite  the  B-X  transitions  of  a  number  of  interhalogen  species 
lui.owing  thermal  dissociation  of  mixtures  of  FNj  and  CINj.  Our 
initial  investigation  focused  on  IF,  since  it  is  a  well-known  lasing 
species,**  although  other  possibilities  certainly  exist  and  deserve 
attention. 

The  potential  for  pumping  ol  tF(B)  by  NF(a)  and  NCI(a)  and 
for  subsequent  laser  action  is  shown  in  Figure  6.  The  ’n,  state 
is  not  shown  as  it  lies  too  high***  *’  to  be  excited  by  NF(a).  The 
energy  levels  of  the  ’flj  states  in  the  interhalogens  are  largely 
unknown.**  however,  the  ’flj  state  in  IF  has  been  located  as  the 
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Figure  6  Energy  level  diagram  of  IF  showing  resonances  with  NF(a) 
and  NCI(a) 

terminal  energy  level  of  a  pulsed  electric  discharge  laser  transition** 
and  has  recently  been  studied  in  matrix  by  Heaven  and  Nicolai.*® 
These  authors  estimate  a  gas-phase  energy  of  approximately  1 3  500 
cm"'  between  the  potential  minima  of  the  ’Ilj  and  X'£  states  of 
IF.  Excitation  of  IFf’Ilj)  by  NF(a)  therefore  requires  approx¬ 
imately  2000  cm"'  of  vibrational  energy  in  the  1F(X)  ground  state, 
since  prior  studies*'  have  shown  that  E-E  transfer  from  highly 
vertical  molecules”  such  as  NF  is  not  sensitive  to  the  vibrational 
distribution  of  the  donor  species.  The  necessary  vibrational  ex¬ 
citation  of  the  IF(X)  ground  state  is  obtained  thermally,  however, 
in  about  I  out  of  10  collisions  at  a  temperature  of  1200  K. 
Pumping  of  1F(B)  from  the  ’Ilj  state  by  NCl(a),  on  the  other 
hand,  is  sufficiently  exothermic  that  some  of  the  product  molecules 
may  be  generated  above  the  22  300  cm"'  predissociation  limit,* 
depending  on  the  amount  of  electronic  energy  that  is  converted 
into  translational  and  rotational  forms  of  excitation.  Due  to  a 
lack  of  resonance.  N  F(a)  is  not  expected  to  be  effective  at  either 
pumping  or  dissociating  the  IF(B)  state  when  starting  from  the 
’Ilj  energy  level. 

At  the  high  pressure  of  our  experiment,  vibrational  relaxation 
occurs  at  a  much  faster  rate  than  radiation  from  the  excited  B 
state.*’  Therefore,  the  1F(B)  will  preferentially  decay  from  its 
lowest  vibrational  energy  levels  to  vibrationally  excited  energy 
levels  of  the  IF(X)  ground  slate  that  are  not  thermally  populated, 
since  the  Franck-Condon  factors**  strongly  favor  the  transitions 
from  p'  =  0  to  u"  ~  5-6.  This  phenomenon,  which  helps  to 
maintain  a  population  inversion,  results  from  the  displacement 
of  the  potential  minimum  of  the  IF(B)  state  to  larger  intemuclear 
separation  than  occurs  in  the  ground  state.  Consequently,  we 
added  CF,I  to  our  reactor  as  a  potential  source  of  ground-state 
IF(X)  molecules,  to  investigate  the  pumping  of  this  highly  de¬ 
sirable  laser  transition  by  NF(a)  and  NCl(a). 

Mixtures  of  SFj,  approximately  100  mTorr  each  of  FNj  and 
CIN3,  and  trace  CF3I  were  subjected  to  pulsed  COj  laser  radiation 
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to  yield  significant  amounts  of  IF(B-X)  emission.  In  addition 
to  the  cooperative  mechanism  outlined  above,  this  emission  could 
also  result  from  pumping  by  NCI(a)  without  participation  of 
NF(a).  in  a  manner  analogous  to  the  known  pumping  of  IF(B) 
by  02(a),  or  by  the  action  of  NF(b)  independent  of  NCI(a),  as 
previously  recorded  in  this  laboratory. These  prior  (NF/IF 
transfer)  experiments  also  demonstrated  that  NF(a)  was  not 
effective  at  producing  the  IF(B)  state  in  the  absence  of  other 
energetic  species.  In  the  present  experiments,  the  IF(B-X) 
emission  was  reduced  approximately  4-fold  upon  elimination  of 
the  FN3.  This  result  demonstrates  that  the  majority  of  the  ob¬ 
served  IF(B-X)  emission  requires  either  NF(a)  or  NF(b).  By 
adding  trace  Ij,  to  greatly  enhance  the  NF(b)  yield,  at  the  expense 
of  NF(a)  and  NCl(a),  it  was  possible  to  show  that  only  a  very 
small  fraction  of  the  observed  emission  was  due  to  transfer  from 
the  b  state,  since  the  yield  of  IF(B)  was  found  to  decline.  Con¬ 
sequently,  our  data  tends  to  support  a  cooperative  mechanism 
involving  both  NF(a)  and  NCI(a)  such  as  energy  pooling  through 
the  ’ll;  state  as  the  dominant  mechanism  for  IF(B)  production 
under  th^  conditions  of  our  experiment.  Since  we  have  not  ob¬ 
served  this  intermediate  state  directly,  however,  we  cannot  rule 
out  other  cooperative  mechanisms  that  may  be  based,  for  example, 
on  ground-state  intermediates  in  a  high  state  of  vibrational  ex¬ 
citation. 

The  intensity  of  the  IF(B-X)  emission  was  found  to  scale 
linearly  with  CFjl  addition  up  to  500  mTorr,  which  is  w-ell  in 
excess  of  any  potential  for  F-atom  generation  in  our  experiment. 
Therefore,  it  is  unlikely  that  the  IF(X)  resulted  from  the  fast 
reaction^ 

F+ CF3I  —  CF) -FIF  (12) 

because  the  yield  of  IF(B-X)  emission  would  have  saturated  once 
the  F atoms  were  titrated  against  the  CF3I.  Since  prior  results 
tend  to  indicate  a  paucity  of  F  atoms  in  our  reactor,  it  appears 
that  thermal  or  energy  transfer  induced  disproportionation  of  CF3I 
is  a  more  likely  source  of  ground-state  IF.  This  mechanism,  which 

(55)  Prill,  A  T.;  Patel,  D.;  Benaid,  D.  J.  Chem.  Phys.  Ul(.  1983,97,  47 1 . 
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docs  not  require  F  atoms,  would  yield  the  observed  linear  de¬ 
pendence  upon  CF3I  addition.  Disproportionation  of  the  per- 
fluoroiodide,  however,  is  expected  to  be  a  very  weak  (low  yield) 
source  of  the  ground-state  intcrhalogen,  in  which  case  the  pro¬ 
duction  of  IF(B)  may  be  throttled  by  1F(X)  generation  rather 
than  the  efficiency  of  pumping  by  NF(a)  and  NCI(a).  Also  if 
NF(a)  IS  required  to  generate  the  IFf  X)  from  CF3I.  then  pumping 
to  the  B  state  can  occur  (consistent  with  our  observations)  solely 
due  to  the  presence  of  NCI(a).  Therefore,  an  effective  thermal 
source  of  IF(X)  will  have  to  be  developed  and  characterized  before 
the  mechanism  and  pump  rates  can  be  evaluated  quantitatively. 

Summary 

Reaction  of  CI2  v'ith  n.oist  NaN,  efficiently  generates  CIN3, 
which  has  a  barrier  to  dissociation  of  approximately  0.8  eV  and 
a  near  gas  kinetic  rate  of  thermal  excitation  by  collisions  with  the 
buffer  gas.  Thermal  dissociation  of  CIN3  occur;  on  the  1-10  ps 
time  scale  in  ~  100  Torr  of  Ar  gas  buffer  at  temperatures  near 
1 2(X)  K.  The  products  arc  primarily  NCl(a)  and  Nj,  with  a  small 
fraction  (<  1%)  as  NCI(b).  The  radiative  lifetime  of  NCUa)  is 
thought  to  be  approximately  1 .4  s  and  self-annihilation  of  NCl(a) 
may  limit  the  kinetic  lifetime  of  this  species  at  high  concentration. 
By  use  of  a  pulsed  CO2  laser  and  SF^  as  a  sensitizer,  transient 
concentrations  of  NCl(a)  as  large  as  3  X  lO'Vcm^  have  been 
obtained.  The  NCI(a)  molecules  are  capable  of  generating  1*  by 
resonant  energy  transfer  (simi'ar  to  the  O2-I  interaction)  and  the 
1*  may  be  used  to  upconveri  NF(a)  to  NF(b).  Cooperative 
pumping  of  IF(B)  by  NCl(a)  and  NF(a)  appears  to  be  limited 
by  the  availability  of  1F(X)  due  to  a  lack  of  F  atoms  and  does 
not  involve  NF(b)  as  a  precursor,  but  may  be  the  result  of  an 
energy  pooling  mechanism  that  proceeds  through  the  IF(*n2)  state 
as  an  intermediate.  Further  studies  arc  required  to  determine  the 
potential  of  these  and  similar  mechanisms  for  the  generation  of 
visible  laser  radiation  from  the  electronic  energy  that  is  stored 
in  the  singlet  meiasiabic  products  of  thermally  dissociated  halogen 
azides. 
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Abstract 

Chlorine  azide  and  fluorine  azide  were  synthesized  by  the  continuous  titration  of  dilute  HN3  with  dilute  CIF  and  F2, 
respectively.  The  reaction  products  were  analyzed  by  both  infrared  and  ultraviolet  absorption  measurements  before  a  CO2  TEA 
lasa  was  u^  tn  pulse  heat  these  energetic  molecules  in  the  presence  of  SFg  (sensitizer)  and  cither  I2  or  CF3l/XeP2  gas  mixtures. 
The  resulting  thermal  dissociation  of  the  energetic  azides  produced  metasiable  halogen  nilrenes  which  reacted  by  energy  transfer  to 
pump  either  the  NF(b)  or  IF(B)  states,  which  ate  pc  cnlially  capable  of  lasing  at  visible  wavelength.  Time  resolved  emission 
spectroscopy  was  employed  to  follow  these  emitters  as  well  as  the  metastable  intermediates  and  I*,  while  the  concentrations  of  the 
ground  state  dihalides  were  tracked  by  laser  induced  Huorescence.  These  data  revealed  that  the  global  rate  ol  I*  quenching  was 
negligible,  the  rate  of  NF(b)  quenching  by  NF(a,X)  was  less  than  6  x  cm^/s,  the  yield  of  NCl(a)  per  CIN3  molecule  was 
12%  and  the  radiative  rate  of  the  NCl(a-X)  transition  was  measured  as  0.9/s  in  good  agreement  with  a  recent  theoretical  estimate 
by  Yarkony.  The  yield  of  NCl(a)  is  explained  by  ab  initio  calculations  of  the  CIN3  potential  surfaces  which  demonstrate  that  a 
singlet-triplet  crossing  occurs  inside  the  barrier  to  dissociation.  Large  transient  concentrations  of  IF(X),  generated  (in  situ)  by  the 
thermally  initiated  reaction  of  XeF2  with  CF3I,  were  also  measured  absolutely  by  a  titration  technique  and  (using  this  data)  the 
effective  rate  of  pumping  of  the  inierhalogen  to  its  B  slate  (by  NF(a)  /  NCl(a)  mixtures)  was  measured  as  6.5  x  10'*3  cm^/s. 
This  low  rate  is  expl^ned  by  NF(a)  pumping  out  of  vibrationally  excited  levels  of  the  IF(X)  stale  and  NCl(a)  pumping  into 
vibradonally  excited  levels  of  the  IF(B)  state  that  lie  above  the  predissociation  limit.  Thermal  dissociation  of  the  stable  levels  of 
the  IF(B)  stale  is  also  likely  to  occur  at  rates  that  are  competitive  with  the  spontaneous  radiation.  Additional  work,  focussed  on 
excitation  of  the  NS(B-X)  transition  by  chemical  reactions  of  NF(a),  is  in  progress. 

1.  Introduction 

In  previous  reports*-^  we  have  shown  that  both  FN3  and  CiNy  can  be  thermally  dissociated  to  yield  ground  state  N2  and 
electronically  excited  metasiablc  products  including  both  the  a*A  and  b*L  states  of  NF  and  NCI,  respectively.  These  results  were 
obtained  by  diluting  the  parent  azide  molecules  with  SF^  and  He  buffer  gas  before  exposing  the  gas  mixtures  to  a  pulsed  'lOi 
laser.  Absorption  of  the  10.6  ji  laser  radiation  by  SFe  (followed  by  rapid  V-T  relaxation^)  jumps  the  temperature  of  the  bath  gas 
and  triggers  dissociation  of  the  azides  on  the  fis  time  scale.  In  the  case  of  FN3.  our  prior  studies  have  demonstnued  a  barrier  to 
dissociation  of  ^iproximately  0.5  eV  and  production  of  NF(a)  with  near  unit  efficiency,  while  the  yield  of  NF(b)  is  2-3  orders  of 
magnitude  smaller.  Very  iarge  (3  x  10‘''/ciii-')  concentrations  of  NF(a)  nave  been  demonstrated  and  (using  these  meiastables)  we 
have  studied  the  mechanism,  kinetics  and  scalability  of  a  potential  blue-green  BiF(A-X)  chemical  lascr.^*^  In  this  system, 
Bi(CH3)3  is  used  as  a  volatile  piecursor  cf  the  active  BiF  species,  which  is  pumped  by  successive  collisions  with  NF(a)  to  its 
emitting  state  at  an  effective  rate  of  4  x  10'^*  cm^/s.  Since  the  radiative  decay  rate^  of  the  BiF(A)  state  is  7  x  lO^/s,  inversion 
of  the  A-X  transition  was  expected  at  achievable  NF(a)  concentrations  and  indeed  optical  gain  at  471  nm  in  the  NF/BiF  system 
was  recently  demonstrated  in  our  laboratory.^  The  large  NF(a)  concentrations  required  to  sustain  inversion  in  BiF,  however,  are 
problematical  since  they  are  subject  to  rapid  self-annihilation.*’*  This  difficulty  could  be  alleviated,  however,  if  an  alternate 
transfer  agent  was  found  with  either  a  longer  radiative  lifetime  or  potential  curves^  that  show  more  displacement  between  the 
excited  and  ground  states  than  is  characteristic  of  BiF,  since  these  differences  would  allow  inversion  to  be  sustained  at  tower 
concentrations  of  NF(a).  The  Bi(CH3)3  precursor  akc  tends  to  dissociate  slowly  and  contributes  to  quenching  of  the  NF(a)  which 
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limits  gain  scaling^  and,  nnally,  condensation  of  refractory  solids  (such  as  BiF3)  may  pose  an  optical  scattering  problem. 
C(Misequcntly,  there  is  ample  room  for  improvement  on  the  progress  that  has  been  made  to  date. 

Our  parallel  studies  of  CIN3  dissociation^  have  been  motivated  by  the  possibility  that  emitters  other  than  BiF  could  also  be 
pumped  by  metasiablc  NCI  in  combination  with  metasiable  NF.  We  found  that  the  barrier  to  dissociation  of  CIN3  is  about 
0.7  cV  and  the  yield  of  NCl(b)  is  comparable  to  the  yield  of  NF(b).  Also,  once  initiated,  the  dissociation  of  CIN3  goes  to 
completion  (similar  to  FN3)  and  the  decay  of  the  metastable  NF/NCl  products  is  due  primarily  to  self-annihilation. The 
yield  of  the  NCl(a)  state,  while  significandy  greater  than  1%,  however,  was  not  determined  accurately  due  to  the  lack  of  a  reliable 
measurement  of  the  A  coefficient  for  the  NCl(a-X)  transition,  as  well  as  uncertainty  in  regard  to  the  spatial  distribution  of  the 
CIN3  molecules  in  our  reactor.  Despite  this  limiution,  however,  we  were  able  to  demonstrate^  that  NCI(a)  acts  in  a  manner 
analogous  to  metastable  02(a^  A)  in  two  potential  visible  wavelength  chemical  laser  schemes  as  described  below. 

Addition  of  I2  to  FN3  /  CIN3  gas  mixtures  significantly  enhanced^  the  yield  of  NF(b).  Assuming  that  the  I2  dissociates 
u>  I-aicms,  this  result  can  be  explained  by  the  near  resonant  energy  transfer  reactions 

Na(a)  + 1  Na(X)  + 1*  (1) 

NF(a)  +  I*  -4  NF(b)  +  I  (2) 

Reaction  (1),  which  has  recently  been  studied  by  Yang  and  Bower,*®  is  similar  to  the  well-known  pumping*  *  of  I*  by  02(a); 
while  reaction  (2),  which  is  also  well-known,  was  first  studied  by  Herbclin*^  and  later  in  our  laboratory  as  well.*^  Under 
suitable  conditions  it  is  hoped  that  these  energy  transfer  processes  may  lead  to  lasing  on  the  NF(b-X)  transition  at  528  nm.  Since 
the  NF(b-X)  transition  is  optically  forbidden,*^-*^  it  may  also  become  inverted  at  (reduced)  mctastable  concentrations  that  do  not 
lead  to  rapid  self-annihilation.  The  NF(b)  system  is  free  of  refractory  species  and  there  arc  no  byproducts  (of  the  I2  catalyst)  that 
do  not  directly  participate  in  the  pumping  reactions. 

Substitution  of  CF3I  in  place  of  I2  also  resulted^  in  excitation  of  the  IF(B-X)  transitions  that  have  been  operated  as  an 
r^tically  pumped  laser  by  Davis,*  ^  who  has  recently  demonstrated  chemical  pumping  of  these  same  bands  by  sequential  energy 
transfers  *2  from  NF(a)  and  02(a).  In  this  case,  the  excitation  of  IF(B)  proceeds  via  an  intermediate  (mctastable)  ^112  energy 
Icvcl^**  of  the  intertialogen.  The  analogous  reactions  in  the  mixed  azide  system  arc  therefore: 

NF(a)  +  IF(X)  -»  NF(X)  +  IF(3rt2)  (3) 

NCl(a)  +  IF(3jt2)  -♦  NCl(X)  +  IF(B)  (4) 

This  candidate  laser  system  is  also  free  of  refractory  products  and  since  inversion  of  the  IF(B-X)  transition  is  aided  by  displacement 
of  its  excited  state  potential  curve  to  larger  intemuclear  separation  than  the  ground  state,*  ®-*®  it  may  be  possible  to  operate  this 
scheme  at  more  tractable  meiastable  concentrations  than  are  needed  to  support  the  BiF  system,  if  the  effective  pump  rates  arc 
comparable.  In  our  previous  work  the  effective  rate  of  reactions  (3)  and  (4)  was  not  established  because  the  concentration  of  the 
IF(7Q  ground  state  was  indeterminate.^ 

In  this  paper  we  report  the  results  of  our  continuing  investigation  of  the  NF(b)  and  IF(B)  systems,  which  both  rely  on 
CIN3  as  a  fuel.  An  improved  method  to  synthesize  CIN3  is  presented  along  with  verification  of  the  mechanism  /  rate  of  I2 
dissociation  and  the  subsequent  production  ari  quenching  of  1*  in  tlic  NF^b)  system.  Based  on  these  results  a  kinetic  model  is 
developed  and  anchored  to  NF(b)  time  profile  data  to  establish  the  yield  of  NCl(a).  which  in  turn  allows  determination  of  the 
unknown  A  coefficient  for  ihc  NCl(a-X)  transltiun  by  absolute  photometry.  The  cl.'^ects  of  nonuniform  spatial  distributions  in  the 
photometry  expcrimeiits  were  eliminated  in  the  present  study  by  comparing  the  yields  of  NF(a)  and  NG(a)  in  the  same  reactor,  and 
the  yield  results  arc  explained  by  ab  initio  calculations  of  the  h^ogen  azide  potential  energy  surfaces.  A  method  to  generate  large 
in  situ  concentrations  of  IF(X)  in  known  quantity  is  also  described  and  a  measurement  of  the  effective  rate  of  pumping  of  the  IF(B) 
state  by  mixtures  of  metastable  NF  /  NCI  is  reported.  Finaily,  the  rate  of  IF(B)  excitation  is  explained  by  consideration  of  the 
relevant  kinetic  factors  involved  in  the  energy  transfer  process,  and  a  new  concept  is  presented  which  will  lx;  the  subject  of  futua 
investigations. 


189 


The  mcUiods  used  in  ihc  present  experiments  have  been  documented  in  prior  publications' and  are  largely 
unchanged,  except  as  noted  below: 

2.1  GeneralionoLAzides 

In  our  previous  work,'  FN3  was  generated  by  titrating  a  flow  of  10%  F2  in  He  with  a  (similarly  diluted)  continuously 
generated  flow  of  HN3  that  was  obtained  by  reacting  NaN3  with  excess  stearic  acid  at  temperatures  near  100°C.  Since  this 
approach  required  stabilization  of  the  HN3  generator,^"  which  proved  to  be  time-consuming  and  inefficient,  a  simpler 
(unstabilized)  HN3  source  was  employed  to  charge  a  40  liter  stainless  steel  reservoir  tank  prior  to  dilution  with  He  gas  up  to  a 
total  pressure  of  25  psig.  The  resultant  mixture  of  5%  HN3  in  He  was  then  withdrawn  from  the  tank  (as  needed)  via  an  electronic 
vacuum  regulator  to  generate  FN3.  The  simplified  HN3  source  consisted  of  an  electrically  heated  and  thermostated  S  liter 
aluminum  pot  (with  teflon  lining)  that  was  fit  with  an  o-ring  scaled  stainless  steel  lid  which  mounted  a  1  RPM  motor  and  a 
stainless  steel  stirring  paddle  to  mix  the  reagents  during  generation.  The  pot  was  initially  charged  with  a  well-stirred  mixture 
consisting  of  3  liters  loosely  packed  stearic  acid  and  30  gr  NaN3.  After  sealing  the  lid  and  heating  the  pot  to  22S°F  the  motor 
was  started  and  the  fust  30  minutes  of  gas  generation  were  discarded  to  vacuum.  Subsequently,  the  evolving  gas  was  diverted  to 
the  (previously  evacuated)  storage  tank  which  filled  to  100  torr  in  about  60  to  90  minutes.  Higher  pressures  of  HN3  are  not 
advisable  due  to  the  possibility  of  detonation  upon  condensation  of  this  energetic  species.  Since  HN3  is  also  toxic  the  generator 
and  storage  tank  were  located  under  a  fume  hood.  Negligible  concentrations  of  the  usual  H2O  and  CO2  impurities  were  found  in 
the  HN3  gas  that  was  withdrawn  from  the  reservoir  tank  upon  examination  by  Fourier  Transform  Infrared  (FTIR)  absorption 
spectroscopy  using  a  10  cm  stainless  steel  gas  cell  with  salt  windows.  The  absolute  HN3  concentration  was  also  measured  in 
absorption^'  at204  nm  using  a  D2  hunp  source,  a  0.1  meter  grating  monochromator,  a  3.5  mm  stainless  steel  cell  with  MgF2 
windows  and  a  1P28  photomultiplier  detector  that  was  interfaced  to  a  picoammctcr.  This  diagnostic  yielded  results  in  good 
agreement  with  the  initial  storage  tank  pressure/dilulion  ratio  and  also  demonstrated  that  the  HN3  was  storable  for  several  weeks 
without  noticeable  decomposition. 

The  generation  of  FN3  was  carried  out  as  in  previous  experiments  by  admitting  the  HN3  and  F2  flows  to  a  500  ml 
stainless  steel  reactor  that  was  packed  with  0.25  in.  dia.  stainless  steel  balls.  Best  results  were  obtained  at  ambient  temperature  or 
slightly  warmer  (35*C),  at  a  total  pressure  of  350  torr  (controlled  by  the  dispensing  HN3  vacuum  regulator)  and  with  the  F2  flow 
adjusted  to  half  the  HN3  flow.  The  net  flow  rate  of  the  gases  through  the  FN3  source  (as  determined  by  an  electronic  mass 
flowmeter  in  the  HN3  line)  was  set  at  approximately  3.5  scc/s  by  the  generator  pressure  and  a  100  micron  dia.  pinhole  that  acted 
as  a  critical  flow  orifice  downstream  of  the  reactor.  A  glass  frit  filter  was  interposed  between  tlie  generator  and  pinhole  orifice  to 
prevent  clogging  due  to  entrainment  of  solid  byproducts  in  the  gas  stream.  The  product  stream  contained  1. 5-2.0%  FN3  as 
measured  in  absorption^  at  425  nm  (using  a  commercial  spectrophotometer  and  a  6  cm  stainless  steel  cell  with  quaru  windows) 
while  analysis  by  FITR  spectroscopy^  showed  negligible  pr^uction  of  HF  as  a  byproduct  Solid  NH4F,  however,  docs 
accumulate  inside  the  reactor  and  requires  periodic  removal.  These  findings  are  in  good  agreement  with  Haller, who  flrst 
synthesized  this  highly  energetic  and  unstable  azide  in  1943. 

Chloiine  azide  was  previously  generated  by  the  water  catalyzed  reaction^^  of  CI2  with  NaN3,  tn  the  present  experiments, 
however,  we  found  it  much  more  convenient  to  obtain  CIN3  by  reacting  the  HN3/HC  mixnire  (from  the  storage  tank)  with  CIF 
that  had  been  prediluted  to  10%  in  He.  Substiuition  of  CI2  for  CIF  did  not  produce  a  significant  yield  of  the  halogen  azide.  The 
(HNs  generation  was  carried  out  in  a  manner  that  is  completely  analogous  to  the  production  of  FN3  (described  above),  except  that 
cooling  the  reactor  slightly  to  10'’C  was  beneficial  and  the  optimum  yield  cf  CIN3  was  obtained  upon  equalizing  the  HN3  and  CIF 
flows.  Analysis  of  the  product  stream  in  absorption  (by  FTIR)  revealed  that  neither  HF  nor  FN3  was  present  in  significant 
concentration^23  transmission  measurements  at  250  nm,  where  HN3  absorption  is  negligible,^'  demonstrated  that  CIN3 
was  present  in  1.0-1.S%  concentration. 

The  FN3  stream  was  carried  in  stainless  steel  or  teflon  tubing  and  passed  through  a  stainless  steel  cold  trap  that  was 
externally  cooled  to  -73®C  (by  evaporation  of  liquid  CO2)  to  remove  trace  H2O  and  HN3  enroute  to  the  reaction  ccll.^®  Liquid  N2 
cooled  traps  were  not  used  due  to  the  potential  for  detonation  upon  condensation  of  the  FN3.  Also  the  lower  vapor  pressure^^  of 
the  heavier  azide  prevented  the  use  of  any  cold  trap  to  effectively  clean  up  impurities  or  byproducts  in  the  CIN3  flow,  which 
included  residual  HN3  and  less  cnergedc/reactive  species  such  as  nitrogen  trih^de^  (vide  infra).  These  thermally  stable  byproducts 
were  judged  to  have  negligible  impact  on  the  subsequent  chemistry. 
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2.2  ReaclionCell 


The  FN3  and  CIN3  flows  were  joined  with  a  mcicrcxl  flow  of  SF6  prior  lo  the  pyrolysis  reactor.  A  mixture  of  2.5%  CF3I 
and  He  was  prq)ared  in  a  storage  tank  and  similarly  admitted  to  the  reactor  via  an  electronic  mass  flowmeter  while  a  carrier  flow  of 
He  (which  was  also  metered)  passed  through  a  bed  of  either  I2  or  XcF2  crystals  on  its  way  to  the  reactor.  The  total  pressure  in  the 
reactor  was  measured  by  an  inductance  transducer  and  maintained  at  75  totr  by  an  electronic  feedback  loop  which  adjusted  a  metered 
Kc  flow  that  was  used  to  purge  the  reactor  windows.  Since  there  was  no  evidence  of  prereaction  between  any  of  the  reagents,  the 
partial  pressuics  of  cach  species  in  the  reactor  were  inferred  from  the  total  pressure,  the  relative  mass  flow  rates  end  cither  the 
ultraviolet  absorption  measurements,  dilution  ratios  or  vapor  pressures.26.28  gases  were  exhausted  from  the  reactor  (to 
vacuum)  via  a  pair  of  critical  flow  oriflees  which  passed  15  scc/s  of  He  at  the  operating  pressure.  The  reactor  itself  was 
constructed  of  stainless  steel  and  was  equipped  with  opposed  sidearms  through  which  the  CO2  beam  entered  and  exited  via 
purged  and  inictnally  apertuted  salt  windows.  Emission  from  the  center  of  the  reactor  was  collected  perpendicular  to  the  laser  beam 
through  a  quartz  window  and  the  reactive  gases  all  entered  and  exited  the  reaction  cell  along  a  line  that  was  mutually  perpendicular 
to  both  the  laser  beam  and  the  viewing  direction.  At  the  center  of  the  reactor  the  laser  beam  had  a  cross  sectional  area  of 
approximately  1  cm^  and  a  fluence  of  nominally  1-2  Joules/cm^.  This  intensity,  while  optimal  for  dissociation  of  the  azides,  is 
too  low  to  cause  signifleant  multiphoton  dissociation  of  the  SP6  at  the  (high)  operating  pressure  that  was  maintained  in  the 
reactor.2^  Upon  firing  the  CO2  laser,  with'botli  azides  and  SFg  present  in  die  reactor,  chemiluminescent  emission  was  typically 
visible  along  the  path  of  the  beam.  All  of  the  experiments  were  carried  out  with  3-4  tore  of  SFs  in  the  reactor,  which  absorbed 
^roximalcly  one-fifth  of  the  incident  laser  radiaii  m  over  a  2.5  cm  path  (as  limited  by  the  ^rturcs  in  the  sidearms).  The  peak 
temperatures  achieved  in  this  manner  have  been  determined  by  spectroscopic  techniques' 10  lie  in  the  range  of  1600-2000‘’K. 
Typical  azide  concentrations  were  5-7  x  lO'^/cm^  and  the  concentrations  of  the  corcagents  were  either  comparable  to  the  azides  or 
one  to  two  orders  of  magnitude  smaller. 

2.3  Opricfll  Diagnostics 

From  previous  studies' the  emission  spectra*^  are  well  known,  hence  the  desired  emitters  were  isolated  by  use  of 
appropriately  selected  narrow-band  interference  filters  for  NF(a,b)  at  874  and  528  nm,  NCI(a)  at  1090  nm  and  1*  at  1315  nm,  or 
portions  of  the  B-X  bands  of  IF  which  extend  from  500  lo  beyond  900  nm.  All  llie  species  studied  were  monitored  by 
chemiluminescent  emission,  except  IF  which  was  measured  both  in  chemiluminescence  and  laser  induced  fluorescence,  and  I2 
which  was  measured  only  by  laser  induced  fluorescence.  The  I*  fluorescence  measurements  were  done  on  a  relative  (comparison) 
basis  only  while  the  I2  measurements  (also  relative)  were  done  under  conditions  which  allowed  no  spectroscopic  interferences  so 
that  only  a  550  nm  long  pass  (absorption)  filler  was  required  to  separate  the  fluorescence  signals  from  scattered  Ar**  ion  laser 
radiation.  In  general  the  weak  NF(a)  or  NCl(a)  emissions  could  not  isolated  once  either  I2  or  (3F3I  was  added  to  the  reactor  due 
to  q)ectroscopic  inteifcnenccs  from  overlapping  broad  band  emissions.'^ 

\pproximatcly  2  watts  of  Ar^  ion  laser  radiation  was  counierpropagated  along  the  path  of  the  CO2  laser  beam  to  induce  the 
fluorescence  signals.  The  lines  at  514  and  476  nm  were  used  to  excite  I2  and  IF,  respectively.  The  NF,  NCI  and  IF 
(chemiluminescence)  signals  were  monitored  by  a  1  cm^  active  area  silicon  photodiode  which  was  absolutely  calibrated  against  a 
quartz  halogen  reference  lamp.' ■2''’  The  I*  signals  were  detected  by  a  fast  liquid  nitrogen  cooled  intrinsic  germanium  detector  and 
the  laser  induced  fluorescence  signals  were  monitored  via  a  gallium  arsenide  photomultiplier  tube.  The  electrical  signals  from 
these  deteckxs  were  preampUfied  and  passed  to  a  digital  oscilloscope  where  they  were  averaged  upon  successive  shots  of  the  CO2 
laser.  The  resultant  time  profiles  were  smoothed  sufficiently  to  remove  residual  noise  (typically  less  than  5%)  without  losing  the 
essential  kinetic  features.  In  most  cases  the  data  at  early  times  (close  to  the  firing  of  the  CO2  laser)  was  aliased  by 
electromagnetic  pickup  of  the  capacitor  discharge  in  the  CO2  laser.  These  effects,  which  are  readily  identifiable  (upon  blocking 
the  CO2  Inser  beam),  have  been  removed  from  the  data  and  the  inferred  time  profiles  (in  the  corresponding  regions)  are  indicated  by 
a  dashed  line  in  the  fig;;rc^ 

The  yield  of  NCl(a)  from  dissociation  of  CIN3  was  defined  as  the  fraction  of  the  parent  molecules  within  the  active  volume 
of  the  reactor  that  generated  the  mctastable  product  state.  In  previous  experiments,  the  active  volume  was  determined  by  the  CO2 
laser  beam  and  optical  apertures  that  were  placed  between  the  detector  and  the  reaction  cell  lo  restrict  the  field  of  view.  Since  the 
entire  reactor  was  not  measured,  however,  the  data  were  sensitive  to  inhomogeneities  in  the  spatial  distribution  of  the  parent  azide 
molecules  primarily  due  lo  the  sweqiing  action  of  the  window  purges  inside  the  reactor.  To  eliminate  this  source  of  error,  the 
apertures  were  removed  and  the  effective  emitting  volume  was  then  deto  mined  by  a  parallel  measurement  of  FN3  dissociation, 
which  prior  sL  •’ics'  have  shown  to  demonstrate  a  yield  of  NF(a)  that  approaches  unity.  The  product  of  the  yield  (Y)  of  NCl(a) 
fiom  dissodatian  of  GN3  and  the  A  coefficient  for  the  NCI(a-X)  transition  was  therefore  evaluated  as 
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YANa  =  (0.18/s) 


where  the  prefactor  is  the  known  yield  -  A  coefficient^®  product  for  the  NF(a-X)  transition,  and  the  T,  D,  C  and  S  factors  are  the 
filter  transmission,  detector  sensitivity,  initial  azide  concentration  and  recorded  signal  strengths  for  the  measurements  indicated  by 
the  respective  subscripts.  The  transmission  factors  and  detector  sensitivities  were  obtained  by  use  of  a  commercial 
spcctro^otometer  and  Vibration  to  a  reference  lamp,  while  the  azide  concentrations  were  monitored  enroute  to  the  reactor  uy  the 
ultraviolet  absorption  diagnostic.  The  signal  strengths  were  obtained  by  extrapolating  the  NF(a)  and  NCl(a)  time  profiles  back  to 
t  =  0  to  counteract  the  effects  of  quenching  during  the  process  of  dissociation.  Care  was  taken  to  collect  the  yield  data  at  the 
lowest  practical  azide  concentrations  to  limit  the  rate  of  self-annihilation  (in  relation  to  the  rate  of  dissociation)  and  thereby 
minimize  the  error  in  extrapolation.  Deliberate  addition  of  quenchers  such  as  H2O  and  HCl  to  the  reactor  significantly  affected  the 
decaying  portion  of  the  NCi(a)  time  profile;  however,  the  extrapolations  back  to  t  =  0  were  unaffected.  Using  these 
measurements,  the  unknown  A  coefficient  for  the  NCl(a-X)  transition  can  then  be  obtained  given  an  independent  determination  of 
the  corresponding  yield  factor. 


H’C  yields  of  NF(b)  and  IF(B)  were  calculated  in  like  manner,  only  using  the  known  A  coefficients  for  the  b-X  and  B-X 
transitiotis,^^*^^  respectively,  to  determine  the  corresponding  yields  from  the  related  filter  transmissions,  detector  sensidviiies, 
parent  concentrations  and  signal  strengths.  Since  both  NF(a)  and  NF(b)  have  the  same  parent  molecule  (FN3),  the  concentration 
ratio  is  unity  in  this  case.  The  IF(B)  yields  were  calculated  assuming  that  CF3I  was  the  parent;  however,  only  a  small  fraction  of 
the  total  B-X  emission  was  detected  (v'  =  0  to  v"  =  5  band  at  625  nm).  Therefore  the  recorded  IF  sigrml  strength  had  to  be 
corrected  by  dividing  out  the  corresponding  Frank-Condon  factor*^  to  account  for  radiation  front  v’  =  0  to  other  v"  levels  of  the 
ground  state  in  addition  to  dividing  out  the  fraction  of  the  entire  IF(B)  state  that  was  resident  in  the  v'  =  0  energy  level.  The  latter 
correction  was  made  by  assuming  a  thermalized  vibrational  distribution  of  the  IF(B)  state  at  18(X)°K.  A  relaxed  distribution  is 
expected  at  the  high  pressure  of  this  experiment  on  the  basis  of  the  known  radiative  and  collisional  (V-T)  rates.^^*^^  Absolute 
concentrations  of  NF(b)  and  IF(B)  were  then  recovered  by  multiplying  the  corresponding  yields  and  precursor  concentrations. 


3.  NFfbl  System 


The  kinetic  rales  of  reactions  (1)  and  (2)  have  been  studied  by  other  investigators,  while  our  previous  studies  have 
elucidated  the  kinetics  of  formation  and  decay  of  the  NF(a)  and  NQ(a)  states.  The  potential  of  the  system  to  support  lasing  or.  the 
b-X  transition,  however,  also  depends  on  the  rates  of  quenching  of  the  I*  intermediate  and  the  NF(b)  state  itself.  Since  the 
halogen  azide  system  is  relatively  “clean"  in  relation  to  other  chemical  systems  that  generate  metastable  halogen  nittenes,  the 
quench  rates  will  (in  this  case)  be  minimized.  Therefore  our  investigation  should  help  to  determine  the  limiting  potential  of  the 
system  to  function  as  a  chemical  laser.  Also,  as  will  be  shown,  the  yield  of  the  NCl(a)  state  can  be  determined  (without 
knowledge  of  the  corresponding  radiative  rate)  by  modelling  the  NF(b)  time  profile. 

3.1  Dissociation  of  b  and  Excitation  of  1* 


The  temperatures  achieved  in  the  pulsed  CO2  laser  excitation  experiment  arc  adequate*'*  to  totally  dissociate  I2;  however, 
the  rate  of  dissociation  remains  an  issue,  since  the  active  species  in  reactions  (1)  and  (2)  are  I-atoms  and  both  the  NF(a)  and 
NCl(a)  decay  significantly  on  the  time  scale  of  tens  of  ps  due  to  self-annihilation.*’^  To  investigate  this  phenomenon,  the  azides 
were  removed  from  the  reactor  flow  and  approximately  10  mtorr  of  I2  was  added  to  the  SFe  and  He  in  the  pyrolysis  cell.  The 
laser  induced  fluorescence  signal  from  the  I2  was  present  in  advance  of  the  COi  laser  pulse  at  a  constant  level  which  then  declined 
with  time  (after  the  laser  pulse)  due  to  the  themral  dissociation  of  the  I2  molecules.  In  addition  to  the  fluorescence  signal,  an 
extraneous  chemiluminescence  signal  was  evident  upon  application  of  the  CO2  laser  pulse  with  the  Ar^  ion  laser  (used  to  excite 
the  fluorescence)  blocked.  Data  was  recorded  both  with  and  without  excitation  by  the  Ar*'  ion  laser  in  an  AC  coupled  mode  so  that 
the  steady  I2  fluorescence  in  advance  of  the  CO2  laser  pulse  was  not  registered.  Figure  1  presents  the  transient  changes  in  the 
(recorded)  sum  of  ihechonilumincscence  (ASchem)  and  laser  induced  fluorescence  (ASy^  signals  both  with  and  without  excitation 
by  titc  Ar^  ion  laser.  The  vertical  difference  between  these  two  curves,  therefore,  is  a  measure  of  the  amount  of  I2  that  has  been 
dissociated.  From  these  data,  it  is  apparent  that  I2  dissociates  rapidly  and  compleiely  with  a  time  constant  of  appro,\imately  3  ps. 

Since  Yang  and  Bower*®  indicate  a  gas  kinetic  rate  for  reaction  (1)  and  since  significant  (10*5-10*^/cm^)  concentrations^ 
of  NCl(a)  appear  within  4  ps  after  the  firing  of  the  CO2  laser,  the  I*  concentration  is  expected  to  rise  in  less  than  10  ps. 
Figure  2  illustrates  the  chemiluminescence  time  profile  of  the  emission  at  1315  nm,  due  to  CO2  laser  excitation  of  a  SF6  /  He  / 
FN3  /  CIN3  gas  mixture  both  with  and  without  the  addition  of  approximately  10  miorr  of  I2.  Subtraction  of  these  two  time 
profiles  to  separate  the  desired  signal  (from  extraneous  chemiluminescence)  demonstrates  the  anticipated  rise  of  the  I* 
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Addition  of  ICl  to  an  FN3  /  CIN3  /  SF^  /  He  mixture  in  the  reactor  enhanced  the  yield  of  NF(b),  but  the  rate  of  rise  and  the 
optimized  peak  concentrations  were  both  less  than  could  be  obtained  upon  addition  of  12-  The  optimum  yield  of  NF(b),  with 
initial  FNi.  and  CIN3  concentrations  of  7  and  5  x  lO'^/cm^,  respectively,  was  obtained  upon  addition  of  approximately  50  mtorr 
of  I2.  The  absolutely  calibrated  NF(b)  time  profile  for  this  condition  is  shown  in  Fig.  3.  Upon  sub  ituting  CH4  in  place  of  He 
in  the  reactor  to  a  concentration  of  3  x  10-^/cm^,  the  peak  yield  of  NF(b)  was  approximately  hf  ved.  Setser^^  reports  that 
quenching  of  ^(3)  by  CH4  is  negligible,  while  NF(b)  is  quenched  at  a  rate  of  1.6  x  cm^/s  ai  Assuming  that  this 

rate  scales  as  the  square  root  of  temperature  and  that  CH4  has  negligible  impact  on  NCl(a)  or  I*  (as  might  be  expected),  it  follows 
that  the  reduction  in  the  peak  yield  was  due  to  quenching  of  NF(b)  by  the  added  methane  at  a  rate  near  lO^/s.  The  sensitivity  to 
methane  addition  therefore  suggests  that  NF(b)  is  quenched  (in  the  absence  of  CH4)  in  approximately  10  ps.  To  further  evaluate 
these  findings  a  kinetic  model  for  the  NF(b)  system  was  assembled  and  anchored  to  the  data. 


sc-oiso-e 


Fig.  3  Tunc  profile  of  NF(b-X)  emission  (solid  /  dashed  line)  following  pulsed  CO2  laser  excitation  of  a  He  /  SFg  /  FN3  / 
CIN3  / 12  gas  mixture  compared  to  a  best  fit  calculation  (dots)  based  on  a  kinetic  model.  Note  the  modelling  result  has 
been  vertically  displaced  for  comparisoa 

The  reactions  included  in  the  NF(b)  kinetic  model  were  thermal  dissociation  of  the  FN3,  CIN3  and  I2  to  yield  NF(a), 
NCl(a,X)  and  ground  state  I-atoms,  aimihilation  of  botn  NF(a)  and  NCI(a)  by  halogen  nitrenes,  reaction  (1),  both  the  forward  and 
reverse  processes  for  reaction  (2),  and  global  quenching  of  the  NF(b)  by  its  environment  Quenching  of  1*  was  not  included  on  the 
basis  of  the  data  in  Fig.  2.  The  reverse  process  for  reaction  (1)  was  not  considered  because,  like  NF(X),  the  triplet  ground  state 
NCI(X)  molecules  are  believed  to  be  highly  reactive  and  therefore  chemically  self-annihilaie  at  a  near  gas  kinetic  rate.^^ 
Consequently  the  NC1(X)  concentration  (and  the  rate  of  the  back  reaction  with  1*)  is  reduced  to  insignificant  values.  The  slow 
radiative  decays^ of  the  NF(a,b),  NCl(a)  and  I*  were  all  considered  to  be  negligible  on  the  ps  time  scale  of  the 
experiment  as  was  the  slow  quenching  of  these  metastable  intermediates  by  inert  collision  partners  such  as  SF6,  He  or  N2.  Prior 
mode'Jng  of  the  FN3  dissociation  ptxxcss^  tevealed  that  the  parutt  azide  and  the  NF(a)  product  overlapped  for  too  brief  a  period  to 
contribute  any  significant  interaction.  This  approximation  was  generalized  (in  the  present  case)  to  exclude  all  potential  reactions 
between  the  metastable  intermediates  and  their  parent  molecules.  Finally,  since  the  experiment  was  premixed  and  of  limited 
duratiiM),  no  transport  processes,  such  as  diffusion  to  tlie  reactor  walls,  were  considered  to  significant 

The  rates  of  FN3,  CIN3  and  I2  dissociation  were  taken  from  our  prior  studies**^*^  and  the  data  in  Fig.  1  as  5.0,  2.5  and 
3.3  X  10^/s,  respectively.  The  yield  of  NF(a)  from  dissociation  of  FN3  was  taken  as  unity  and  the  yield  of  NCl(a)  from  CIN3 
was  taken  as  an  adjustable  fitting  parameter  to  be  determined  empirically  by  comparison  of  the  calculated  and  observed  NF(b)  time 
profiles.  Both  the  NF(a)  and  NCI(a)  metastables  were  assumed  to  self-annihilate  at  a  common  rate  of  3  x  lO'^^  cm^/s 
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multiplied  by  the  total  initial  azide  concentration,  which  is  consistent  with  Setscr’s  daia^  for  self-annihilation  of  MF(a).  This 
approximation,  which  is  equivalent  to  assuming  that  all  collisions  between  cither  of  the  mciastablc  species  and  any  halogen 
■nitrcne  (excited  or  ground  state)  arc  equally  effective  at  quenching  the  electronic  excitation,  is  also  consistent  with  our  ob^rvaiions 
of  metastablc  decay  rates'-^  in  FN3,  CIN3  and  mixed  FN3  /CIN3  systems.  The  rate  of  rcacuon  (1)  was  taken  from  the  work  of 
Yang  and  Bower'®  as  1.0  x  lO  '®  cm^/s,  while  the  forward  rale  of  reaction  (2)  was  taken  as  6  x  lO"  cm^/s  on  the  basis  of 
current  work  by  Koffend  and  Herbelin.^^  The  reverse  rate  for  reaction  (2)  was  calculated  from  the  known  forward  rate,  state 
degeneracies  and  energy  levels’ by  detailed  balance  assuming  a  temperature  of  1800°K  consistent  with  our  prior 
measurements.’-^'^  Finally,  the  global  quench  rate  for  NF(b)  was  taken  as  a  second  adjustable  fitting  parameter.  In  contrast  to 
the  analogous  quenching^^  process  in  O2.  die  NF(a)  state  was  not  assumed  to  be  repopulaied  by  quenching  of  the  NF(b)  suite, 
since  in  the  former  case  the  quenching  is  physical  (and  hence  constrained  by  min  rules)  while  in  the  latter  case  the  quenching  is 
more  likely  to  be  reactive  (and  due  to  the  presence  of  other  halogen  nitrcncs’-^®-^^).  The  differential  rate  equations  corresponding 
to  die  set  of  reactions  described  above  was  numerically  integrated  (via  computer)  starting  from  the  experimentally  established 
initial  conditions  in  0.1  ps  steps. 

Exercising  the  kinetic  model  described  above  revealed  that  the  calculated  peak  yield  of  NF(b)  was  sensitive  to  both  fitting 
parameters  (NCl(a)  yield.  NF(b)  quenching)  while  the  relative  rate  of  decay  of  the  NF(b)  time  profile  was  only  significantly 
affected  by  the  quenching  parameter.  A  good  fit  to  the  decaying  portion  of  the  rebtive  NF(b)  time  profile  (data  in  Fig.  3)  was 
obtained  fora  global  NF(b)  quench  rate  of  4  x  10^/s  in  reasonable  agreement  with  the  results  of  the  CH4  quenching  experiment. 
Once  the  global  quench  rate  was  fixed,  agreement  with  the  dau  on  the  absolute  peak  yield  of  NF(b),  however,  required  adjusting 
the  yield  of  NCi(a)  from  dissociation  of  CIN3  to  approximately  12%.  It  was  not  possible  to  obtain  a  good  fit  to  both  the 
amplitude  and  the  relative  decay  rate  of  the  NF(b)  time  profile  for  yield  parameters  that  were  significantly  larger  or  smaller  as  (with 
the  quenching  parameter  fixed)  the  calculated  peak  NCl(a)  concentrations  scaled  in  almost  direct  proportion  to  the  adjustable  yield 
parameter.  Also  with  the  yield  parameter  fixed  at  either  8.5%  or  17%,  agreement  on  the  peak  NCl(a)  concentration  could  only  be 
obtained  for  values  of  the  (adjustable)  quenching  parai  leter  that  resulted  in  substantial  errors  in  the  relative  decay  rate.  The 
corresponding  best-fit  (calculated)  NF(b)  time  profile  is  shown  in  Fig.  3  for  comparison  to  the  data.  The  1*  time  profile  that  was 
calcubted  for  this  cor,dition  also  demonstrated  a  good  fit  to  the  relative  data  that  is  shown  in  Fig.  2,  since  it  rose  with  a  7  ps 
time  constant  and  showed  negligible  decay  out  to  SO  ps  after  initiation. 

The  origin  of  the  observed  quenching  of  the  NF(b)  state  is  not  resolved  in  this  study;  however,  based  on  the  species 
concentrations  and  Setser’s  extensive  rate  data^^  it  appears  that  quenching  by  He,  SFs,  N2,  F2,  CIF,  HF,  CO2.  H2O,  niuogen 
trihalidcs  and  very  likely  HN3  can  all  be  ruled  out  as  insufficient  to  account  for  the  observed  decay  rate.  Quenching  of  NF(b)  by 
I2  or  the  halogen  azides  may  be  rapid^^-^*  but  these  interactions  would  not  persist  10  long  limes  and  since  significant  quenching 
by  I  or  I*  is  unlikely,  it  is  most  probable  that  quenching  of  NF(b)  is  dominated  by  the  halogen  niircncs,  similar  to  the  quenching 
1.8^3  of  NF(a).  The  observed  global  decay  rate  of  NF(b)  is  consistent  with  quenching  by  NF(a,X)  and  NCl(a.X)  at  a  common 
rate  of  3  x  10"’^  cm^/s,  which  sets  an  upper  limit  on  the  rate  of  NF(b)  quenching  by  NF(a,X)  of  6  x  10' cm^/s,  if 
quenching  by  NCl(a,X)  is  insignificanl  These  results  are  reasonable  in  light  of  the  known  rate  of  NF(a)  self-annihilation  which 
is  of  the  same  magnitude.’-®  This  finding  is  significant  to  the  design  of  other  NF(b-X)  lasers,^^  that  may  use  a  more  efficient 
source  of  I*  (than  dissociation  of  CIN3)  and  in  which  the  efficiency  of  power  extraction  is  limited  by  the  competition  between 
photon  emission  and  quenching  of  the  NF(b).  While  the  45/s  spontaneous  ratc’^  of  the  forbidden  NTfb-X)  transition  is  too  small 
10  compete  with  quenching,  the  stimulated  emission  rate  (given  by  the  product  of  the  cross  section  and  photon  flux)  can  be  made 
large  enough,  in  principle,  to  extract  the  majority  of  the  energy  that  is  deposited  in  'he  NF(b)  state.  In  practice,  however,  the 
required  intracaviiy  intensities  (which  scale  in  proportion  to  the  rate  of  NF(b)  quenching)  may  become  excessive  if  the  cross 
section  is  loo  small.  Based  on  an  estimated  NF(b-X)  cross  scclion^^-^®  of  3  x  10'^®  cm^  and  50%  efficient  power  extraction 
with  [NF(a,X)]  =  10’®/cm^,  the  required  (worst  case)  iricnsity  is  750  kW/cm^. 

The  absolute  photometry  experiments  described  in  the  cxocrimcnial  section  demonstrated  a  yield  -  A  coefficient  product  for 
dissociation  of  CIN3  into  NCl(a)  of  0.1 1/s.  Therefore  the  radiative  rate  of  the  NCl(a-X)  transition  is  determined  as  0.9/s,  in  close 
agreement  with  the  theoretical  estimate  of  0.7/s  made  by  Yarkony.'”  The  yield  rcsuli  obtained  by  modelling  the  NF(b)  lime 
profile  also  implies  a  significant  difference  between  FN3  and  CIN3  with  respect  to  metastablc  production  atid  is,  unfortunately, 
not  favorable  for  the  efficient  qperadon  of  a  chemical  laser. 

3 .3  Electronic  Structure  Calculations 

The  apparent  differences  between  di.ssociation  r^f  FN3  and  CIN3  with  respect  to  metastablc  yield  can  be  related’-^  to  the 
interaction  between  the  singlet  surface  (that  connects  the  ground  slate  azide  parent  to  metasuble  halogen  niirene  products)  with  a 
dissociative  triplet  surface  (that  is  an  excited  stale  of  the  azide  but  connects  to  the  electronic  ground  stales  of  either  NF  or  NCI). 
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As  shown  in  Fig.  4,  the  dissociative  triplet  state  in  FN3  passes  above  the  barrier  in  the  singlet  surface  and  crosses  it  on  the 
products  side.  Consequently,  when  a  FN3  molecule  acquires  sufficient  thermal  cners^  to  surmount  the  barrier,  the  molecule 
passes  through  the  crossing  region  only  once  as  it  dissociates.  Since  the  probability  of  crossing  between  surfaces  of  different  spin 
is  low  (per  each  encounter)  the  yield  of  metastable  NF(a,b)  products  approaches  unity. 


Fig.  4 

Ab  initio  calculation  of  the  singlet  (solid)  and  triplet  (dashed) 
surfaces  of  FN3  which  dissociate  to  excited  and  ground  state  NF. 
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In  FN3,  the  central  bond  is  weakest  due  to  withdrawal  of  electron  density  by  the  strongly  electronegative  halogen.  Since  Q 
is  less  electronegative  than  F,  the  bonding  of  CIN3  tends  to  resemble  HN3  more  than  FN3.  The  H-N3  and  HN-N2  bonds  are  of 
near  equal  strength  and  thermal  dissociation  of  HN3  is  known  to  yield  predominantly  ground  state  NH(X^L)  because  the 
dissociative  triplet  surface  in  this  azide  crosses  the  singlet  surface  inside  the  potential  well.^^  In  this  case,  the  azide  molecules 
oscillate  through  the  crossing  region  many  times  before  surmounting  the  potential  barrier  and  consequently  the  products  "leak  out" 
through  the  singlet-triplet  crossing  even  at  low  probability  per  encounter  in  preference  to  dissociating  on  the  singlet  surface  which 
requires  a  greater  activation  energy.  This  reasoning  suggests  that  the  yield  of  NCI(a)  from  dissociation  of  CIN3  is  possibly 
reduced  because  of  a  singlet-triplet  crossing  that  occurs  near  the  peak  but  on  the  azide  side  of  the  potential  barrier.  The  crossing  is 
unlikely  to  occur  well  inside  the  barrier  (similar  to  HN3)  since  in  that  limit  the  yield  of  NCl(a)  would  be  reduced  to  well  below 
10%.  As  shown  in  Fig.  S  this  expectation  is  borne  out  by  a  parallel  calculation  of  the  CIN3  potential  surfaces. 

The  calculations  of  the  minimum  energy  (dissociation)  pathways  for  the  lowest  singlet  and  triplet  states  of  FN3  and  CIN3 
were  performed  with  the  GAUSSIAN  90  electronic  structure  code'*^  using  Poplc’s  split-valence  plus  polarization  (6-31G*)  basis 
seis.**^  Gradient  optimizations  were  performed  to  locate  the  equilibrium  suucture  for  the  ground  *A'  state.  To  ensure  that 
stationary  points  of  the  correct  curvature  have  been  found,  harmonic  vibrational  frequencies  were  computed  for  the  transition 
structures.  The  results  of  these  calculations  are  given  in  Table  1.  For  comparison,  the  experimental  structures  of  Christen,  et 
al^^  for  FN3  and  Cook  and  Geny*^  for  CIN3  are  also  reported.  It  is  clear  that  the  SCF  predictions  are  an  accurate  representation 
of  the  molecular  geometries  for  both  FN3  and  CIN3.  The  bond  lengths  and  bond  angles  arc  calculated  with  an  average  error  of 
O.O3A  and  1.5  degrees,  respectively.  The  SCF  frequencies  are  well  known  to  be  uniformly  loo  large  and  that  a  scaling  of  the 
SCF  force  field  is  required  for  comparison  with  experimenu  We  find  that  a  uniform  scaling  factor  of 0.86  brings  our  calculated 
SCF  frequencies  for  FN3  in  good  agreement  with  the  data  of  Christen,  cl  al.'*^  .Applying  this  same  factor  to  CIN3  yields  the 
predictions  shown  in  Table  1.  Calculations  were  then  carried  out  to  locate  the  transition  state  corresponding  to  the  decomposition 
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of  CIN3  into  NCl[a^A]  +  N2[X*Eg'''].  Starting  from  the  location  of  the  transition  stale,  both  forward  and  backward  minimum 
energy  pathways  were  followed  along  the  intrinsic  reaction  coordinate;^^  the  forward  pathway  leading  to  dissociation,  the  backward 
pathway  leading  back  to  the  equilibrium  structure.  The  results  of  these  and  prior^  calculations  are  shown  in  Figs.  4  and  5, 
respectively.  As  previously  reported,* we  find  that  the  barrier  height  of  the  transition  state  in  CIN3  is  approximately 
1600  cm'*  larger  than  in  FN3.  However,  in  contrast  to  our  findings  in  FN3,  the  triplet  suiface  in  CIN3  crosses  on  the  inside 
portion  of  the  singlet  surface  that  leads  to  dissociation.  The  location  of  this  crossing  is  sensitive  to  the  correlation  treatment  of 
the  system  since  the  triplet  surface,  corresponding  to  an  open  valence-shell  electron  pair,  can  be  expected  to  exhibit  a  smaller  total 
correlation  energy. 


Fig.  5 

Ab  initio  calculation  of  the  singlet  (solid)  and  triplet  (dashed) 
surfaces  of  CIN3  which  dissociate  to  excited  and  ground  state 
NCL  The  two  curves  for  the  singlet  state  represent  the  limits 
of  uncertainty  in  the  thermodynamic  potential  relative  to  the 
triplet  state. 


CIN  >  N2  Bond  Length  (A) 


To  estimate  upper  and  lower  bounds  for  the  location  of  the  singlet-triplet  crossing,  correlated  calculations  were  carried  out  at 
the  equilibrium  geometry  of  the  singlet  *A'  surface.  The  meUiod  employed  is  based  on  the  G1  theory  of  Pople,  et  al'*^*^®  which 
has  b%n  shown  to  predict  heats  of  formation  of  first-  and  second-row  compounds  containing  multiple  bonds  with  an  accuracy  of 
±  2  kcal/mol.  The  triplet  ^A"  surface  was  then  located  at  the  equilibrium  geometry  of  the  ground  *  A’  stale  using  this  same  G 1 
procedure.  The  calculated  G1  singlet-triplet  splitting  at  the  equilibrium  geometry  was  then  used  to  determine  the  separation  of  the 
*A’  and  ^A"  dissociation  surfaces  calculated  at  the  SCF  level  of  theory.  The  results,  shown  in  Fig.  5,  represent  the  upper  and 
lower  bounds  corresponding  to  the  G1  calibration  and  SCF  theory,  respectively.  As  SCF  methods  will  underestimate  the  singlet 
energy  relative  to  the  triplet,  they  can  be  regarded  as  providing  a  lower  bound  to  the  actual  splitting.  In  previous  studies'*^  of 
FN3,  we  have  observed  that  correlated  treatments  of  the  *  A'  stale  result  in  a  lowering  of  this  state  by  0.6-0.8  eV  relative  to  the 
triplet^  A’ surface. 
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Table  1 

Optimized  RHF/6-31G*  Structures  and  Properties  for  FN3  and  CIN3 


N2 


NNi 

N1N2 

a 

B 

Energy 

NFCNQ) 

FN3 

eqolc 

1.3820 

1.2536 

1.0995 

104.315 

174.108 

-262.602488 

eq<xpi^5 

1.4440 

1.2530 

1.1320 

103.800 

170.900 

— 

ts-calc 

1.3618 

1.5891 

1.0774 

100.170 

169.890 

-262.585108 

CIN3 

eqolc 

1.7341 

1.2470 

1.0978 

108.998 

174.111 

-622.689393 

cq-exp^ 

1.7450 

1.2520 

1.1330 

108.700 

171.900 

— 

ts-calc 

1.7204 

1.6495 

1.0768 

103.905 

167.385 

-622.664592 

HamonicFreQuencies 

a' 

a" 

(a)F-N-Ni 

N-N1-N2 

(Cl)F-N 

N-Ni 

N1-N2 

oul-of-plane 

bend 

bend 

stretch 

stretch 

stretch 

bend 

FN3 

eqolc 

281 

757 

1045 

1225 

2386 

606 

eqexp 

241 

658 

876 

1090 

2044 

504 

ts-calc 

186 

610 

1114 

561  i 

2690 

295 

CIN3 

eqealc 

248 

617 

817 

1237 

2449 

626 

scaled  by  0.86 

213 

531 

703 

1064 

2106 

538 

ts-calc 

163 

480 

789 

513  i 

2717 

263 

Bond  lengths  are  in  angstroms,  bond  angles  are  in  degrees,  energies  are  in  hartrees  and  vibrational  Crequencies  are  in  wavenumbers. 
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It  is  interesting  to  conipare  the  FN3  and  GN3  molecules  at  the  transition  state  for  central  bond  dissociation.  As  described 
abm'e,  we  find  a  classical  barrier  height  of  0.675  cV  for  CIN3,  a  value  -  40%  larger  than  the  0.473  eV  barrier  found  for  FN3. 
The  I^-N2  and  CIN-N2  bond  lengths  are  very  similar  at  the  transition  stale  geometry:  1.59 A  for  FN3  as  compared  with  1.65 A 
for  CIN3.  Thus  the  major  factor  influencing  the  kinglet-triplet  aossing  on  the  inside  of  the  barrier  for  CIN3  is  the  repulsive 
character  of  the  triplet  surface.  The  triplet  interaction,  corresponding  to  NC1[X^£')  +  N2[X'Zg'''],  is  less  repulsive  than  in  the 
FN3  system  and  even  shows  a  snuill  minimum  in  the  region  of  the  singlci-uiplct  surface  crossing.  A  second  derivative  analysis, 
carried  out  at  this  stationary  point  on  the  triplet  surface,  indicated  that  it  was  a  saddle  region  rather  than  a  true  local  minimum. 
Analysis  of  the  normal  coordinate  modes  at  this  point  indicates  that  the  molecule  is  bending  out-of-plane,  breaking  Cs  symmetry. 
The  nature  of  the  singlet-triplet  crossing  in  CIN3  is  similar  to  that  found  by  Alexander,  et  al^*  for  HN3.  They  argue  that  the 
planarity  of  the  molecule  should  be  retained  during  the  dissociation  process  since  the  N-N  and  N-H  bonds  arc  nearly  perpendicular 
at  the  crossing  point.  Further  studies  of  the  triplet  surface  are  in  progress  but  they  are  not  expected  to  alter  our  conclusion  that  the 
singlet-triplet  crossing  occurs  on  the  inside  region  of  the  reaction  barrier. 

4.  IFfBl  System 

Our  principal  goal  in  evaluating  the  FN3  /  CIN3  /  CF3I  system  was  to  determine  the  effective  pump  rate  of  the  IF(B)  state. 
This  parameter,  which  influences  the  achievable  gain,  is  determined  by  treating  the  exciiation  of  the  IF(B-X)  transition  as  if  it 
occuis  by  eneigy  transfer  fiom  a  single  (effective)  metastable  species  (M)  whose  concentration  is  given  by 

r.41-  [NF(a)][NCl(a)] 

^  J  [NF(a)]+[NCl(a)] 

and  by  equating  (in  steady  state)  the  rate  of  photon  emission  on  the  B-X  transition  to  the  product  of  an  effective  rate  constant  (k^), 
the  concentration  of  effective  metastables  and  the  IF(X)  concentration.  Therefore,  the  effective  rate  is  determined  as 

_  Aif[IF(B)] 

"  [IF(X)][M] 

where  Aip  is  the  known  (1.4  x  lO^/s)  radiative  decay  rate  of  the  IF(B)  s'  'tc.^*  This  value  of  ke,  which  sets  an  upper  limit  on  the 
slower  rate  of  reactions  (3)  or  (4),  assumes  negligible  quenching  of  the  IF(B)  state  and  is  defined  in  terms  of  the  generation  of 
products  (photons).  It  therefore  reflects  both  the  rates  of  reaction  (removal  of  reagenu)  and  the  branching  ratios  iha  lead  to 
formation  of  IF(B),  Both  nF(B)]  and  [M]  are  readily  determined  by  absolute  photometry  (as  discussed  in  the  experimental  section) 
and  since  only  the  ratio  of  these  quantities  is  significant,  many  of  the  elements  (in  common  to  both  measurements)  cancel.  The 
difficult  aspect  of  the  measurement  is  determining  the  IF(X)  concentration.  Our  approach  was  to  monitor  the  concentration  of  this 
species  on  a  relative  basis  by  laser  induced  fluorescence  and  then  obtain  an  absolute  calibration  by  use  of  a  titration  technique 
based  on  the  F  +  CF:,  action  which  is  known  to  yield  IF(X)  efficiently .^2 

4.1  Production  and  Measurement  of  EFfX) 

In  our  previous  work  we  concluded  that  the  Cr3l  precursor  was  not  quamitalively  converted  to  IF(X)  due  to  a  lack  of  F- 
atoms  in  the  azide  system.^  In  the  present  study,  this  difficulty  was  rectified  by  adding  XeF2  to  the  reaction  cell,  since  this 
weakly  bound^^  noble  gas  dihalide  is  readily  dissociated  (at  the  temperatures  achieved  by  the  CO2  laser  excitation)  to  yield 
F-atoms  and  inert  gas  byproducts.  Use  of  XeF2  in  combination  with  CF3I  dramatically  enhanced  the  laser  induced  fluorescence 
signals  which  confirms  a  significant  increase  of  IF(X)  concentration.  The  fluorescence  data  shown  in  Fig.  6  was  collected  without 
azides  present  in  the  reactor  (to  suppress  chemiluminescence),  either  with  or  without  addition  of  28  mtorr  of  XeF2  and  with  an 
excess  (90  mUHi)  of  ^  I  pres^  Ttese  time  profiles  reveal  that  the  IF(X)  which  is  formed  in  the  absence  of  F-aloms  appears 
much  more  rapic'v  j  ps)  [.m  uK  much  larger  IF(X)  concentration  which  derives  from  the  F  +  CF3I  reaction  in  15-20  ps 
(when  XeF2  is  present  in  the  reactor).  Based  on  the  raie^^  of  the  F  +  CF3I  reaction  and  the  CF3I  concentration,  it  follows  that 
the  later  source  of  IF(X)  is  rate  limited  by  the  dissociation  of  the  XeF2. 

Figure  7  shows  the  result  of  an  experiment  conducted  with  120  mtorr  of  XeF2  in  the  reactor  in  which  the  IF(X) 
fluorescence  signal  (at  20  ps  after . laser  pulse)  is  plotted  as  a  function  of  the  CF3I  addition.  The  data  are  characteristic  of  a 
titration  experiinent  except  that  f  .0  knee  in  the  curve  occurs  at  a  higher  CF3I  addition  than  anticipated  ( [CF3I]  =  2  [XeF2] )  and 
the  yield  of  IF(X)  continues  to  grow,  although  more  slowly,  as  a  function  of  the  CF3I  addition  above  the  knee  in  the  curve.  The 
results  in  Fig.  7,  however,  reflect  the  sum  of  two  processes,  one  which  (promptly)  generates  CF3I  (in  the  absence  of  F-aioms)  as 
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indicated  by  the  dashed  line  while  the  other  (delayed)  process  dqjends  on  the  slower  dissociation  of  the  XeF2  followed  by  the  fast  F 
+  CF3I  reaction.  The  dashed  line  through  the  origin  representing  the  prompt  yield  of  IF(X)  has  the  same  slope  as  the  data  that 
was  collected  for  CF3I  concentrations  in  excess  of  the  titration  point,  consistent  with  cur  prior  studies^  that  showed  linear  scaling 
between  the  intensity  of  IF(B-X)  emission  and  CF3I  addition.  The  knee  in  the  curve  (corresponding  to  the  titration  point  for  the 
delayed  process)  occurs  at  a  higher  CF3I  concentration  than  anticipated  due  to  consumpdon  of  the  iodide  by  the  prompt  reaction, 
which  is  responsible  for  the  destruction  of  approximately  three  (out  of  ten)  CF3I  molecules  per  IF(X)  molecule  that  is  formed. 
The  mechanism  by  which  the  prompt  reaction  occurs,  however,  is  unknown.  Nonetheless,  the  data  in  Fig.  7  can  be  used  to 
normalize  the  relative  IF(X)  fluorescence  signal  by  equaling  *Jie  difference  between  the  solid  and  dashed  lines  to  twice  the  XeF2 
concentration  at  high  values  of  CF3I  addition. 


Time  (lis) 

Rg.  6  Tune  profiles  of  IF(X)  following  pulsed  CO2  laser  excitation  of  a  He  /  SFe  /  CF3I  gas  mixture  with  (a)  and  without  (b) 
the  addition  of  XeF2. 


CF3I  Pressure  (mlorr) 

Rg.  7  Yield  of  IF(X)  measured  20  ps  after  pulsed  CO2  laser  excitation  of  a  He  /  SFe  /  XeF2  gas  mixture  as  a  function  of  CF3I 
addition. 
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The  yield  of  IF(B)  was  measured  with  initial  azide  concentrations  that  yielded  peak  concentrations  of  NF(a)  and  NCl(a)  of 
7  X  10*5  jmd  5  X  10*^/cm5,  respectively,  using  30  miorr  of  CF3I  with  excess  addition  of  XeF2.  The  effective  concentration  of 
metastables  was  therefore  4.7  x  l0*^/cm5  and  the  prompt  and  delayed  concentrations  of  IF(X)  were  1.1  and  8.5  x  lO'^^/cm^, 
respectively.  The  resulting  absolutely  calibrated  IF(B)  time  profile  is  shown  in  Fig.  8.  From  this  data,  it  follows  that  only  the 
prompt  component  of  the  IF(X)  generation  contributed  significantly  to  the  IF(B-X)  emission.  Even  though  the  IF(X) 
concentration  increases  by  nearly  an  order  of  magnitude  from  2  to  20  ps  after  the  CO2  laser  pulse,  the  yield  of  IF(B)  continues  to 
diminish  in  the  same  time  period  because  of  declining  concentrations  of  NF(a)  and  NCl(a).  The  kinetic  lifetime  of  these 
metastables  must  be  significantly  attenuated,  however,  to  produce  this  result  since  (in  the  absence  of  coreagents)  the  NF(a)  and 
NCl(a)  concentrations  arc  typically  still  at  50%  of  their  early  (peak)  values  after  20  ps.  The  rate  of  NF(a)  quenching  by  CF3I,  as 
measured  by  Setser,^^  is  too  small  to  be  significant,  therefore  either  NCI(a)  is  rapidly  quenched  by  CF3I  or  (more  likely)  the 
byproducts  of  the  prompt  reaction  effectively  quench  the  metastables.  Consistent  with  this  analysis  the  peak  yield  of  IF(B)  was 
found  to  be  insensitive  to  elimination  of  XeF2  from  the  reactor.  Since  the  IF(B)  is  only  in  steady  state  at  the  peak  of  its  time 
profile,  which  occurs  promptly  after  the  laser  pulse,  the  effective  rate  is  most  accurately  calculated  using  the  peak  metastable 
concentrations  (in  the  absence  of  coreagents)  and  the  (smaller)  prompt  yield  of  IF(X),  which  gives  a  value  for  k«  of 
6.5  X  10'*5  cm^/s.  This  result  is  approximately  two  orders  of  magnitude  less  than  the  equivalent  rate  in  the  BiF  system. 
Consequently,  it  is  unlikely  that  the  NF  /  NCI  /  IF  system  will  be  able  to  function  adequately  as  a  laser. 


TIme(ps) 


Fig.  8  Time  profile  of  IF(B)  following  pulsed  CO2  excitation  of  a  He  /  SF^  /  FN3  /  CtN3  /  CF3I  /  XeF2  gas  mixture. 


Several  factexs  may  account  for  the  low  effective  rate  in  this  IF(B)  system.  Since  the  IF(B)  state  has  a  radiative  lifetime^* 
of  7  ps,  it  is  not  likely  to  be  effectively  quenched  by  any  of  the  species  present  in  the  reactor.  The  position*  ®  of  the  stale  in 
IF  is  such  that  only  molecules  with  v"  S  4  in  the  ground  slate***  will  be  pumped  by  NF(a).  The  IF(X)  ground  state,  however,  is 
rapidly  thetmalized^^  at  the  high  pressure  of  our  experiment,  and  approximately  10%  of  the  (Boltzmann)  vibrational  distribution 
can  participate  in  reaction  (3)  at  the  (18(K)°K)  temperatures  us^  to  initiate  the  dissociation  process.^  Since  the  NF(a) 
concentration  is  an  order  of  magnitude  larger  than  the  NCl(a)  concentration,  no  bottleneck  should  result  if  the  rate  of  reaction  (3) 
for  molecules  with  v"  ^  4  is  comparable  to  the  rate  of  reaction  (4).  The  difficulty,  however,  is  more  likely  to  orig mate  with 
reaction  (4)  since  it  is  capable  of  producing  IF(B)  in  vibrational  energy  levels  that  lie  well  above  the  predissociaiion  limiL*'**^^ 
Therefore,  although  the  rate  of  reaction  (4)  may  be  large,  it  is  likely  to  have  a  low  branching  ratio  into  the  lower  (stable) 
vibraticnal  energy  levels  of  the  IF(B)  state,  while  the  majority  of  the  molecules  that  are  generated  at  higher  energy  levels  will  be 
prone  to  either  spontaneous  dissociation  or  (more  likely)  reaction  with  the  NCl(a)  to  form  a  mixed  nitrogen  dihalide  in  preference 
to  encigy  transfer.  This  phenomenon  is  similar  to  the  resonant  pumping  of  IF(B)  by  NF(b)  which  consumes  the  met  'able  at  a 


rate  that  is  large  b  comparison  to  the  yield  of  IF(B-X)  pholons.*^*^®-^^  Finally,  even  the  stable  levels  of  ihe  IF(B)  state  arc 
subject  to  (subsequent)  rapid  thermal  dissociation  since  less  than  0.3  eV  of  vibrational  energy  is  required  to  access  the  region  of 
predissociation^^  and  the  excited  intcrhalogens  are  bom  into  an  environment  whose  temperature  and  pressure  are  adequate  to 
dissociate  FN3  (which  has  a  0.5  eV  bond  energy*)  in  approximately  2  jis.  ITicrcforc  the  actual  rate  of  production  of  the  IF(B) 
state  may  be  significantly  larger  than  the  observed  rate  of  IF(B-X)  emission.  These  findings  suggest  that  NCl(a)  is  too  energetic 
to  be  used  in  place  of  02(a)  to  pump  IF,  and  azide  driven  systems  which  require  high  temperatures  for  rapid  dissociation  are 
incompatible  with  the  use  of  IF  as  an  emitting  species. 


5.  New  Directions 

It  is  indeed  unfortunate  that  the  yield  of  NCl(a)  from  dissociation  of  CIN3  is  smaller  than  dcs  od  and  that  neither  of  the 
mixed  azide  systems  involving  NF(b)  or  IF(B)  appears  to  have  kinetics  that  are  appropriate  to  a  practical  laser  system.  Some 
valuable  lessons,  nonetheless  learned,  have  helped  to  guide  our  selection  of  new  candidates.  Molecules  that  are  pumped  by  NF(a) 
at  near  gas  kinetic  rates  and  that  have  radiative  lifetimes  shorter  than  about  10  ps  (to  compete  with  quenching)  and  longer  than  1 
ps  (to  obtain  inversion  at  achievable  metastable  concentrations)  will  have  to  be  identified.  Viable  candidates  wil'  also  require 
electronically  excited  states  that  are  strongly  bound  and  rKH  predissociated  at  or  near  vibrational  energies  up  to  O.S  eV  and  that  are 
preferably  characterized  by  displaced  potential  curves.  Finally,  it  is  still  desirable  to  obtain  the  active  molecules  from  precursors 
with  adequate  vapor  pressure  which  are  also  capable  of  rapid  and  efficient  dissociation  to  yield  the  transfer  agents  without  the 
fomation  of  refractory  species  or  byproducts  that  act  as  significant  quenchers. 

Our  plans  are  to  proceed  along  three  tracks  which  include  (1)  demonstration  of  lasing  in  the  FN3  /  Bi(CH3)3  reaction 
system,  (2)  testing  of  alternative  BiF  donors  that  dissociate  more  rapidly  and  produce  more  benign  byproducts  than  Bi(CH3)3  and 
(3)  investigation  of  reaction  schemes  such  as 

HS  +  NF(a)  HF  +  NS(B)  (5) 

which  may  potentially  support  lasir.g  on  the  NS(B-X)  transition  at  415  nm.*^  This  emitter  meets  many  (if  not  all)  of  the 
qualifications  listed  above  and  has  the  advantage  of  requiring  only  one  reaction  with  one  metastable  species  to  generate  the  emitter. 
Although  our  investigations  at  this  stage  are  preliminary,  feasibility  appears  to  depend  most  critically  on  scaling  the  HS 
concentration  to  adequate  levels  via  the  F  +  H2.S  reaction  or  thermal  dissociation  of  weakly  bonded  R-SH  parent  molecules.  The 
known  rate  of  NF(a)  quenching  by  H2S  is  acceptable'^  and  the  radiative  lifetime^*  of  the  NS(B)  state  is  close  to  1  ps,  hence  it  is 
not  likely  10  be  quenched  directly.  Ihe  NS(B)  state  is  favorably  displaced  to  larger  intemuclear  separations^  than  the  ground  state, 
but  is  coupled  to  two  bound  non-radiating  states  (via  curve  crossings)  that  act  as  a  reservoir  and  the  majo  ity  of  the  excited  state 
population  resides  in  these  energy  levels  which  lie  slightly  below  the  B  state.^  Consequently,  the  effective  kinetic  lifetime  of 
the  coupled  radiating  and  non-radiating  stales  is  sqiproximaiely  30  ps  at  1800°K  and  decreases  with  increasing  temperature.  While 
no  energy  is  lost  by  the  population  of  these  reservoir  states,  tire  probability  of  quenching  the  excited  NS  molecules  is  nonetheless 
increased.  The  system,  however,  is  tolerant  of  the  high  temperatures  required  for  dissociation  of  azides  since  there  are  no 
predissociations  of  the  NS(B)  stale  (or  its  non-radiating  reservoir  slates)  for  vibrational  energy  levels  within  1.3  cV  of  the  lowest 
potential  minimum.^  Preliminary  estimates  (for  trace  concentrations  of  HS)  show  an  effective  pump  rate  in  the  range  of  10  ** 
to  10'*^  cm^/s  (which  may  be  acceptable)  and  current  effort  is  focused  on  scaling  up  the  HS  concentration  to  levels  consistent 
with  efficient  utilization  of  the  NF(a)  metasiables. 
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ABSTRACT 

A  visible  chemical  laser  on  the  BiF(A-X)  transistions  at  430-470  nm  can  potentially  be 
generated  by  the  interaction  of  Bi-aloms  with  metasiable  species  such  as  NF(a'&).  Experi¬ 
ments  were  performed  in  which  these  constituents  were  obtained  in  situ  by  fast  pulsed  CO2 
laser  pyrolysis  of  FN3  and  Bi(CH3)3,  respectively.  Time-resolved  optical  diagnostics  were  used 
to  follow  the  concentrations  of  FN3,  NF(a'A),  Bi{CH3)j^,  Bi(^D)  and  BiF(A),  The  optimal  con¬ 
centrations  of  FN3  and  Bi(CH3)3  were  limited  by  NFfa'i)  self-annihilation  and  BK^D) 
quenching  reactions,  respectively.  The  Bi(CH3)3  was  found  to  be  only  20  %  dissociated  at  the 
peak  of  the  NF(a>A)  time  profile  and  the  yield  of  Bi-atoms  from  dissociated  Bi(CH3)3  was 
determined  to  be  approximately  5  %;  however,  significant  recycling  of  the  active  Bi/BiF  species 
was  observed  at  a  limiting  rate  of  4  -  5  *  10'*  ‘  cm^/s,  driven  by  NF{a‘A).  On  the  basis  of  these 
results,  a  peak  BiF(A)  concentration  of  lO'^/cm^  was  predicted  by  kinetic  modeling  and 
subsequently  observed.  The  model  also  predicts  an  absolute  population  inversion  of  the 
BiF(A-X)  transistion  at  high  NF(a*A)  concentration  with  unsaturated  gains  of  approximately 
10”3/cm,  Intracavity  experiments  have  verified  that  the  BiF(X)  ground  state  concentration  is 
low  enough  relative  to  the  excited  state  to  generate  at  least  a  partial  inversion,  and  initial 
evidence  for  an  absolute  population  inversion  has  been  obtained. 

1.  INTRODUCTION 

Since  chemical  reactions  follow  the  same  spin-selection  rules  as  optical  transistions,  it  is 
difficult  to  produce  electronically  excited  products  with  high  efficiency  unless  they  are  opti¬ 
cally  metastable,  because  the  reaction  will  preferentially  populate  any  lower  energy  product 
state  that  is  of  the  same  spin.  Consequently,  the  generation  of  electronic  transistion  chemical 
lasers  typically  involves  a  two-step  process  consisting  of  efficient  chemical  production  of  an 
optically  metastCible  species,  which  acts  as  an  energy  store,  followed  by  some  form  of  energy 
transfer  from  the  store  to  a  more  suitable  radiating  species.  In  our  work,  the  a* A  state  of 
nitrogen  monofluoride  (NF)  is  the  energy  store  and  bismuth  monofluoride  (BiF)  is  the  radiating 
species.  The  transfer  of  energy  from  NF(a‘A)  to  BiF  was  initially  discovered  by  Herbelin‘  who 
used  the  reaction  of  H-atoms  with  NF2  radicals  to  generate  the  NF(a>A).  Recently,  we  have 
developed  a  new  source  of  NF(a‘A)  that  is  based  on  thermal  dissociation  of  fluorine  azide 
(FN3),  which  is  capable  of  achieving  unusually  high  NFfa'A)  concentrations.^  Large  yields  of 
NF(a>A)  are  important  to  this  application  since  the  BiF(A)  state  has  a  radiative  lifeti'^e^  near 
1  us  and  the  rate  of  BiF  excitation  (which  must  approach  lO^/s)  is  controlled  by  th^  NF(a*A) 
concentration.  In  this  work,  we  have  used  the  FN3  source  of  NF(a>A)  to  extend  Herbelin's  work 
to  higher  NF(a'A)  concentrations  and  to  investigate  any  differences  in  the  mechanism  of  BiF 
excitation  that  may  occur  between  the  two  chemical  sources  of  metastable  NF. 

2.  EXPERIMENTAL 

Figure  1  shows  schematically  how  the  experiments  were  performed.  A  variable  gas  mixture 
of  FN3,  Bi(CH3)3  and  SFg  in  He  buffer  gas  was  admitted  to  a  slowly  flowing  reactor  that  was 
exhausted  to  a  vacuum.  The  gas  flow  in  the  reactor  was  optically  pumped  by  a  pulsed  CO2  laser 
at  a  rate  of  1-2  Hz,  so  that  gas  flow  in  the  reactor  changed  the  active  sample  between  shots. 
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The  functions  of  the  SFg  additive  were  to  absorb  the  incident  CO 2  laser  radiation  and  to  heat 
the  gas  upon  subsequent  collisional  relaxation.  The  laser  fluence  in  these  experiments  was  well 
below  the  threshold  for  significant  production  of  F-atoms  by  multiphoton  dissociation.**  The 
excited  states  of  NF  and  BiF  were  detected  in  emission  at  87t*/528  and  ^50  nm,  respectively,^ 
by  an  optical  multichannel  analyzer  (OMA)  for  spectral  analysis  and  by  a  filtered  silicon 
photodiode  interfaced  to  a  fast  preamplifier  and  digital  signal  averager  for  temporal  analysis. 
The  diode/filter  combinations  were  absolutely  calibrated  by  comparison  to  a  standard  lamp  of 
known  emissivity  that  is  traceable  to  the  National  Bureau  of  Standards.  Therefore,  absolute 
NF(a‘A,  b'l)  and  BiF(A)  concentrations  could  be  infer.-ed  with  knowledge  of  the  relevant  A 
coefficients,’’®”  and  the  gas  sample  /  photon  collection  geometry.  Ground  state  species  such 
as  Bi(CH3)j^  and  FN3  were  followed  by  time-resolved  ultraviolet  absorption  using  a  D2  lamp 
source  and  a  filtered  IP28  photomultiplier  tube  as  the  detector.  The  absorption  signals  were 
processed  in  the  same  manner  as  the  emission  signals  from  the  silicon  detector,  and  absolute 
concentratioiis  were  inferred  from  these  data  with  knowledge  of  the  active  path  length  and  the 
relevant  extinction  coefficients.®’^  Detection  of  Bif^D;  was  accomplished  by  ultraviolet 
absorption  since  the  emission  signal  was  prone  to  spectroscopic  int  erference  due  to  overlapping 
HF  emissions.  In  this  case,  the  D2  lamp  was  replaced  by  a  Bi-hollow  cathode  lamp  which  was 
electronically  pulsed  to  enhance  its  intensity.  The  lamp  current  was  pulsed  to  approximately 
500  ma  for  about  500  ws  with  a  200  us  lead  on  the  CO2  laser  pulse  used  to  initiate  the  chemical 
reactions  to  be  monitored.  Hence,  the  lamp  intensity  was  essentially  constant  during  the  time 
of  data  collection.  In  these  experiments,  the  289.8  nm  line  was  selected  by  the  filter  that  was 
placed  over  the  detector,  and  the  absolute  concentration  of  Bif^D)  was  determined  from  the 
absorption  data  using  a  cross  section  that  was  calculated  from  the  radiative  rate'®  assuming  a 
Doppler  broadened  line  profile.  The  gas  temperature  was  determined  with  ±  50  K  accuracy  by 
comparison  of  a  section  of  tne  BiF(A-X)  emission  spectrum  to  a  set  of  synthetically  generated 
emission  spectra,  provided  by  Koffend,*'  as  described  in  a  prior  publication.^  Worst  case 
propagation  of  errors  in  the  concentration  measurements  suggests  an  accuracy  of  approximately 
±  35  %. 

The  reaciut  was  designed  for  wall-free  operation  by  admitting  the  reactive  gas  flows  to  a 
central  2.5  mr.i  x  2.5  cm  rectangular  duct  that  was  surrounded  by  a  velocity  matched  Ar  shield 
flow.  All  gas  flows  were  electronically  monitored  by  mass  flow  meters  and  the  reactor  pressure 
was  monitored  by  an  inductance  transducer.  The  BKCHj)^  was  eluted  from  a  cold  trap  at  ice 
temperature  by  bubbling  a  flow  of  He  carrier  gas  through  the  liquid.  The  mole  fraction  of  the 
Bi(CH3)3  in  the  He  flow  was  determined  from  the  vapor  pressure* 2  of  the  Bi(CH3)3  and  a 
measurement  of  the  tota!  pressure  in  the  trap,  assuming  complete  saturation  of  the  He  flow. 
Prior  experience  has  shown  this  method  to  overestimate  the  Bi(CH3)3  mole  fraction  by  a  factor 
of  less  than  two.  Typical  conditions  in  the  reactive  jet  were  0-0.1  torr  Bi(CH3)3,  1.5  torr  FN3, 
13.5  torr  SFs  and  balance  He  to  a  net  pressure  of  150  torr.  The  jet  was  side  pumped  by  the  C02 
laser  with  a  soft  line  focus  (2.5  mm  *  2.5  cm)  at  a  fluence  of  approximately  1  joule/cm^.  The 
SFg  concentration  was  chosen  so  that  approximately  66  %  of  the  incident  laser  energy  was 
transmitted  through  the  reactor  to  a  retroreflecting  cylindrical  mirror  that  refocused  and 
counterpropagated  the  beam  through  the  reactor.  This  procedure  was  used  to  insure  uniform 
excitation  of  the  reactive  flow  across  its  short  dimension.  The  optical  measurements  were 
taken  along  the  2.5  cm  long  axis  of  the  reactive  flow  (perpendicular  to  the  CO2  laser  beam). 

The  FN3  flow  Wcis  generated  by  reacting  commercial  grade  sodium  azide  with  stearic  acid 
at  110®C  to  yield  hydrogen  azide  (HN3)  gas  in  a  He  carrier  stream,  which  subsequently  reacted 
with  a  dilute  F2/He  gas  stream  to  yield  HF,  which  was  eliminated  in  a  cold  trap,  and  FN3.  This 
i  a  somewhat  hazardous  and  complex  op)eration  that  is  described  in  detail  in  prior  publica- 
’  is.2’i3  xhe  mole  fraction  of  FN3  in  the  He  carrier  stream  was  determined  by  absorption 

li.casurements  at  425  nm  using  the  extinction  data  of  Gholivand.®  The  materials  of  construction 
were  limited  to  stainless  steel,  teflon/viton  and  glass/quartz  to  prevent  undesired  reaction,  and 
care  was  taken  to  avoid  even  mild  heating  of  the  FN3  flow  to  prevent  disproportionation'**  into 
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NjFj  and  N2>  The  FN3  gas  fiow  at  the  laser  pyrolysis  reactor  showed  negligible  decomposition 
as  determined  by  mass  spectroscopy. 


soco»e 


Fig.  1  Block  diagram  of  experiment  used  to  investigated  energy  transfer  from  NF(a'A)  to  BiF. 

3.  GENERATION  OF  NF(a' a) 

Figure  2  shows  the  typical  emission  spectrum  that  is  obtained  in  the  vicinity  of  the  NF(a-X) 
transitions  at  874  nm  by  CO2  laser  excitation  of  FN3/SF^  gas  mixtures.  It  is  characteristically 
free  of  overlapping  N2(B-A)  emissions  that  are  common  to  other  NF(a>A)  sources,  which  is 
consistent  with  the  very  simple  mechanism  of  excitation  just  described. 

Typical  time  profiles  of  the  FNj  and  NF(a>A)  following  the  CO2  laser  pulse  (in  the  absence 
of  BKCHajs)  are  shown  in  Fig.  3.  These  data  were  collected  with  100  ns  resolution;  how¬ 
ever,  the  NF(a‘A)  time  profile  has  been  smoothed  since  NF(a'A)  is  a  weak  emitter  and  the 
statistical  noise  is  significant  on  the  sub-us  time  scale.  The  error  bar  indicates  the  magnitude  of 
the  peak-to-peak  noise  at  100  ws  resolution.  The  FN3  absorption  data  is  relatively  noise  free  but 
does  exp>erience  some  electrical  interference  from  the  CO;  laser  at  early  times  as  indicated  by 
the  error  bar  and  the  dashed  portion  of  the  line.  The  yield  of  NF(b‘i;)  in  these  experiments  was 
approximately  10” 2  of  the  NF(a'A),  and  the  peak  temperature  was  estimated  at  1200  K  using 
trace  addition  of  Bi(CH3)3.  The  rise  of  the  NF(a*A)  is  seen  to  coincide  with  the  decay  of  the 
FN3  indicating  a  simple  mechanism,  namely; 

FN,  5  NF(a^A)  +  (1) 
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(2) 


The  subsequent  decay  of  the  NF(a‘A)  due  to  self-annihilation 

NF(a^)  +  NF(a^A)  -►products 

has  been  observed  by  Setser*^  in  low  density  flowtube  experiments.  The  products  of  this 
reaction  are  not  known;  however,  the  yield  of  NF(b‘z;)  obtained  in  both  Setser's  and  our 
experiments  is  too  low  to  account  for  the  NF(a‘A)  loss  due  to  energy  pooling.  Because  of  the 
seif-amnihilation  proce.:s,  high  densities  of  NF{a‘A)  can  be  achieved  only  if  the  FN3  is 
dissociated  rapidly. 


SCS0041 


NF(a  — X) 


Fig.  2  Emission  spectrum  of  NF(a'A)  obtained  by  thermal  dissociation  of  FN3. 

The  principal  factors  that  govern  the  dissociation  rate  are  the  collision  frequency,  the 
barrier  height  for  activation  of  the  dissociation  reaction  and  the  gas  temperature.  Michels 
has  calculated  the  barrier  to  FN3  dissociation  by  ab  initio  methods  to  be  approximately  0.5  eV. 
The  dissociation  of  FN3  and  the  production  and  decay  of  the  NF(a>A)  can  therefore  be 
described  by  the  following  set  of  coupled  differential  rate  equations  which  treat  temperature  as 
a  dynamic  variable  and  assume  100%  conversion  of  FN3  to  NF(a>A)  upon  dissociation  with 
negligible  loss  of  reactants  or  heat  due  to  transport  phenomena. 


It  lf"3l  '  -"d  '  °  If's'  I”' 

|NF(a)|  .  -  ^  IFN3I  -  kjj  |NF(a)|2 
=  i  l  „  I(t)  ISFgl  iFNjI  .H,  INF(a) 


(3) 

(4) 

O) 
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The  terms  are  defined  as  follows:  is  the  collision  rate  between  FN3  molecules  and  other 

species  (M),  T  is  temperature  and  is  the  barrier  height  expressed  in  terms  of  temeprature, 
is  the  self-annihilation  rate,  C  is  the  heat  capacity  of  the  gas,  l(t)  is  the  intensity  time  profile 
of  the  incident  CO2  laser  radiation,  0  is  the  cross  section  for  absorption  by  SFe.  and  ^  are 
the  heat  releases  associated  with  the  dissociation  of  FN3  and  the  self-annihilation  reactions, 
respectively.  The  thermodynamic  factors  are  available  in  large  part  from  the  JANAF  tables. 
The  products  of  reaction  (2)  are  assumed  to  be  N2  and  two  F-atoms.  The  heat  of  formation  of 
FN3  was  obtained  as  ■►120  kcal/mole  from  prior  work  involving  ArF  photolysis  of  the  azide  at 
low  pressure.''’  The  cross  section  {a)  was  determined  by  actual  transmission  measurements 
since  its  value  is  somewhat  dependent  on  the  intensity  of  the  CO 2  laser.  Finally,  l(t)  was 
modeled  as  the  sum  of  two  linearly  decaying  time  profiles  that  correspond  to  the  fast  and  slow 
comp>orients  of  the  CO2  laser  output.  The  principal  fitting  parameters  are  k^,  which  can  be 
estimated  at  10~"  cm^/s  by  kinetic  theory,  T^,  which  is  approximately  6000  K  on  the  basis  of 
Michel's  calculation  and  k^  which  was  measured  by  Setser  and  confirmed  in  our  laboratory  to 
.have  a  value  near  3  *  10‘'^cmVs.  Figure  U  shows  the  typical  result  obtained  by  computer 
integration  of  equations  (3-5)  subject  to  the  initial  values  defined  by  the  experimental 
conditions.  Tcible  1  provides  a  more  detailed  comparison  between  theory  and  experiment  under 
conditions  which  optimize  the  yield  of  NF(a‘A).  These  results  were  obtained  with  only  modest 
variation  of  the  rate  parameters  (±  25  %)  and  the  activation  barrier  (±  10  %).  Therefore,  the 
general  agreement  that  is  obtained  as  well  as  the  ability  of  the  model  to  reproduce  the 
qualitative  trends  that  are  observed  with  variation  of  laser  energy  and  initial  FN3  concentration 
suggest  that  reactions  (1)  and  (2)  are  the  dominant  processes  and  that  the  rate  constant/barrier 
height  estimates  are  approximately  correct.  Since  our  gas  sample  was  heavily  diluted,  the  rise 
in  gas  temperature  was  primarily  due  to  laser  heating  rather  than  the  induced  reactions,  as 
shown  in  Fig.  4,  If  this  condition  were  not  satisfied,  the  time  profiles  would  be  considerably 
more  complex  and  difficult  to  model  accurately. 


»Ct0044 


Fig.  3  Characteristic  lime  profiles  of  FN3  and  NF(a‘a)  following  pulsed  CO2  laser  excitation. 
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Fig.  k  Time  profiles  of  FN3,  NF(a>A)  and  gas  temperature  obtained  by  kinetic  modeling. 

Table  I 

Comparison  of  Modeling  Results  to  Experimental  Data 
for  CO2  Laser  Driven  Pyrolysis  of  FN3 


Result 

Model 

Data 

Units 

;  Peak  [NF(a‘a)] 

k  X  10'6 

3  X  10>6 

cm'3 

Rise  Time  (10-90  %) 

2.6 

2.4 

liS 

i  Decay  Time  (100-50  %) 

5.7 

5.0 

us 

,  Temperature  at  Peak 

1237 

1150 

K 

k.  EXCITATION  OF  BiF(A) 

Upon  addition  of  Bi(CH3)3  to  the  FN3  and  SF^  in  the  reactor  very  intense  BiF(A-X) 
emission  was  observed.  The  mechanism  of  excitation  of  this  species  is  considerably  more 
complex  than  that  of  NF(a>6),  as  shown  by  the  processes  indicated  on  the  energy  level  diagram 
given  as  Fig.  5.  Once  Bi-atoms  are  introduced  into  the  system,  the  reactions 


NF  +  BiF^  : 

N  .  BiF^^j 

(6) 

NF  +  BiF  ^ 

X 

NF^  ^  BiF^_^ 

(7) 

set  up  a  complex  equilibrium  between  Bi-atoms,  BiF,  BiFp  and  BiF3.  From  a  strictly 
thermodynamic  standpoint,  the  majority  of  the  Bi  is  expected  to  be  in  the  form  of  BiFj  and 
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Fig.  5 


Energy  levels  and  kinetic  processes  involved  in  the  excitation  of  the  BiF(A)  state. 
The  reactions  responsible  for  recycling  active  Bi/BiF  are  shown  by  the  dashed  line. 


BiF3  which  do  not  participate  in  the  observed  chemiluminescence.  Therefore,  the  efficiency  of 
converting  dissociated  Bi(CH3)3  into  active  Bi/BiF  is  a  key  concern.  Related  issues  are  the  rate 
and  mechanism  of  Bi(CH3)3  dissociation  and  the  quenching  of  NF(a>A)  and  other  significant 
electronically  excited  species  by  undissociated  Bi(CH3)3  or  its  dissociation  by-products. 
Herbelin*  *  has  suggested  that  the  actual  mechanism  responsible  for  the  BiF(A)  generation  is 


NF(a^A)  +  Bi(^O)  -  N  +  BiF(A) 


(8) 


where  the  BK^D)  is  generated  by  the  fast  resonant  transfer  reaction 

I 

NF(a^A)  +  Bi  -  NF(X^z)  +  Bi (^0) 


(9) 


first  studied  by  Sutton  and  Capelle.  > »  Once  produced,  BiF(A)  decays  radiatively 


BiF(A)  -  BiF(X)  +  hv 

and  there  is  a  potential  for  recycling  of  the  Bi-atoms  if  reactions  such  as  (7,  x  =  1)  or 


(10) 


1 

1  N  +  BiF  *  NF  +  Bi 


(11) 


occur  at  a  significant  rate.  It  is  therefore  important  to  know  which  step  in  the  cyle  is  rate 
limiting  and  the  associated  rate  constant.  Reactions  such  as  (7,  x  =  1)  and  (11)  also  help  to 
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remove  BiF(X)  and  thereby  to  maintain  population  inversion  of  the  A-X  transistion.  Our 
investigation  is  aimed  at  a  resolution  of  these  issues. 


5.  ElESULTS  AND  DISCUSSION 

Measurements  of  the  time  profiles  of  Bi(CH3)  ,  BK^D)  and  BiF(A)  were  collected  under 
conditions  of  both  high  (3  »  10' ^/cm^)  and  low  (3  x  lO’^/cm^)  peak  NF(a'A)  concentration  to 
resolve  the  kinetic  issues  described  above.  The  peak  NF(a'6)  concentrations  were  changed  by 
adjusting  the  initial  FN3  concentration.  The  principal  reason  for  this  alteration  was  to  slow  the 
self-annihilation  reaction  (2)  which  occurs  at  a  rate  comparable  to  the  Bi/BiF  kinetics  for  high 
NF(a'a)  concentrations.  Since  the  experimental  observables  reflect  both  the  time  evolution  of 
the  NF(a*A)  as  well  as  the  Bi/BiF  species,  this  condition  was  necessary  in  some  cases  to  effect 
a  deconvolution  of  these  phenom.ena.  The  data  are  presented  and  analyzed  in  the  order  that 
yields  the  simplest  interpretation  of  the  results. 

5.1  Production  of  BiF(A)  from  Bi(2D) 

The  time  profiles  of  BK^D)  and  BiF(A)  at  high  peak  NF(a'A)  concentration  are  shown  in 
Fig.  6.  The  initial  Bi(CH3)3  concentration  in  these  experiments  was  set  to  6  x  10'‘‘/cm3  to 
optimize  the  Bi(2D)  measurement.  At  this  concentration  of  Bi(CH3)3,  the  NF(a'A)  time  profile 
is  not  significantly  altered,  as  will  be  shown  later.  Since  the  BiF(A)  time  profile  follows  the 
BK^D)  by  approximately  one  radiative  lifetime  in  the  vicinity  of  the  peak  emission  regime,  our 
data  are  compatible  with  reaction  (8)  as  the  principal  pumping  mechanism.  The  rate  of  the 
pumping  reaction  (kg)  of  Bi(5D)  with  NF(a'a)  to  yield  BiF(A)  can  be  determined  by  applying  the 
steady  state  relation 

kg  iNF(a^A)]  iBi(^O)]  =  A  lBiF(A)l  (12) 

at  the  peak  of  the  BiF(A)  time  profile.  Taking  A  =  7  x  10^/s  as  measured  by  Koffend,^ 
[NF(a'A)]  -  3  X  10'6/cm3  and  [BiF(A)]  -2  [BK^D)]  from  Fig.  6  gives  kg  -  ti.7xl0“' '  cm^/s 
in  resonable  agreement  with  an  independent  determination  of  the  same  rate  as  measured  by 
Herbelin"  using  the  H  +  NF2  reaction  to  generate  the  NF(a'A).  The  sum  of  the  Bif^D)  and 
BiF(A)  concentrations,  however,  is  only  about  1  %  of  the  initial  Bi(CH3)3  concentration.  The 
other  99%  must  therefore  be  accounted  for  by  incomplete  dissociation  of  the  Bi(CH3)3,  the 
yield  of  active  Bi/BiF  from  the  Bi(CH3)3  that  was  dissociated,  and  the  production  of  ground 
state  Bi/BiF  species.  The  latter  is  believed  to  be  negligible,  however,  since  Sutton  found 
complete  disappearance  of  ground  state  Bi  in  the  presence  of  NF(a'A).  A  similar  situation  may 
also  exist  in  regard  to  ground  state  BiF(X)  at  high  NF(a'A)  concentrations,  due  to  reactions 
(7,  X  =1)  and  (11).  Therefore,  we  will  proceed  on  the  assumption  of  negligible  BiF(X) 
concentration  and  will  address  this  point  independently  later. 

5.2  Dissociation  of  Bi(CH3)3 

The  disappearance  of  the  Bi-donor  was  tracked  at  270  nm  where  FN3  absorption is  weak 
comjjared  to  Bi(CH3)3.  Background  data  were  collected  and  subtracted  to  account  for  residual 
FN3  absorption  and  ultraviolet  chemiluminescence  emitted  by  the  reactor.  The  absorption  vs 
time  after  the  COj  laser  pulse  was  found  to  increase  initially  and  then  to  decline  to  zero  as 
shown  in  Fig.  7.  This  behavior  is  attributed  to  sequential  loss  of  the  methyl  groups  and  a  higher 
absorption  coefficient  in  the  intermediate  Bi(CH3)2  or  Bi(CH3)i  species  than  in  Bi(CH3)3.  To 
deal  with  this  complication,  a  simple  model  of  the  form 
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Bi(CH2)2  Intermediates 

(13) 

Intermediates  •*  Bi 

(14) 

was  constructed.  The  rates  ki3  and  km  were  assumed  to  be  fixed,  owing  to  a  thermal  dissocia¬ 
tion  mechanism,  since  the  absorption  data  were  not  influenced  by  the  presence  or  lack  of  FN3. 
In  other  words,  NF(a*A)  does  not  contribute  significantly  to  the  dissociation  of  Bi(CH3)3  as  a 
result  of  energy  transfer  or  chemical  reactions.  The  absorption  signal  was  normalized  to  unity 
at  t  =  0  and  the  ratio  of  the  ultraviolet  absorption  cross  sections  (intermediates  to  initial 
61(0143)3)  was  used  as  a  fitting  parameter  along  with  k,3  and  km*  The  rate  equations  corre¬ 
sponding  to  reactions  (13)  and  (l4)  were  solved  analytically,  and  the  absorption  signal  was  calcu¬ 
lated  and  also  normalized  to  unity  at  t  =  0.  The  cross  section  ratio  was  analytically  selected  to 
yield  an  absorption  time  profile  that  peaked  in  time  at  the  same  point  as  the  data.  Trial  values 
of  ki3and  km  were  then  selected  and  the  solutions  were  compared  against  the  data  for  relative 
peak  height  and  overall  decay  rate.  The  best  fit  to  the  absorption  data  shown  in  Fig.  6 
corresponds  to  ki3  =  4.2  x  lO^/s  and  km  =  3.9  x  lO^/s.  While  the  values  of  k,3  and  km  could  be 
co-varied  somewhat  without  significantly  affecting  the  agreement  with  the  data,  the  yield  of 
Bi-atoms,  which  was  then  calculated  analytically,  did  not  vary  significantly.  Therefore,  as 
shown  in  Fig,  7,  the  61(0143)3  is  completely  converted  to  Bi-atoms  in  about  10  ms.  At  high 
NF(a*A)  concentrations,  however,  the  peak  BiF(A)  emission  occurs  at  about  2  ws.  Consequently, 
only  about  20%  of  the  61(0143)3  contributes  to  the  pumping  of  the  BiF(A)  state  when  the 
NF(a*A)  yield  is  optimized.  Since  the  overall  yield  of  active  Bi/BiF  from  initial  61(0143)3  is 
1  %,  it  then  follows  that  the  yield  of  active  Bi/BiF  from  dissociated  Bi(CH3)3  is  about  5  %. 


Fig.  6  Time  profiles  of  BK^D)  and  BiF(A)  following  pulsed  CO2  laser  excitation. 
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TIME  (^s) 

Fig.  7  Time  profile  of  ultraviolet  absorption  due  to  BifCHj)^^  species  (dots)  and  related 
kinetic  modeling  results  (solid  and  dashed  lines). 

5.3  Recycling  of  Active  Bi/BiF 

By  reducing  the  initial  FN3  concentration  an  order  of  magnitude  and  using  trace  concentra¬ 
tions  of  Bi(CH3)3,  essentially  all  of  the  Bi(CH3)3  is  dissociated  before  the  peak  NF(a»A) 
concentration  decays  significantly.  When  this  is  done,  a  10  us  rise  in  the  BiF(A)  time  profile  is 
observed,  which  can  be  assigned  to  the  dissociation  of  the  Bi(CH3)3,  as  shown  in  Fig.  8.  Follow¬ 
ing  this  rise,  the  decay  of  the  BiF(A)  essentially  follows  the  decay  of  the  NF(a‘A).  Conse¬ 
quently,  a  near  steady  state  condition  is  achieved,  which  suggests  that  active  Bi/BiF  is  recycled 
following  the  emission  step;  otherwise  a  more  rapid  decay  of  the  BiF(A)  would  be  observed.  By 
integrating  the  BiF(A)  time  profile,  the  net  yield  of  BiF(A-X)  photons  per  unit  volume  was  found 
to  equal  70  %  of  the  initial  Bi(CH3)3  concentration.  Since  all  the  Bi(CH3)3  dissociates  in  this 
experiment  but  only  5  %  of  the  dissociated  Bi(CH3)3  yields  active  Bi/BiF,  approximately  14 
photons  were  generated  per  each  active  Bi/BiF  species,  which  demonstrates  effective  recycl¬ 
ing.  Under  these  conditions,  the  rate  of  photon  emission  is  governed  by  the  limiting  rate  in  the 
cycle.  The  radiative  step  (10)  is  not  limiting  in  this  case  as  all  of  the  other  reactions  are  driven 
by  low  NF(aiA)  concentrations.  The  excittion  of  Bi(^D)  by  NF(a>A),  reaction  (9),  is  known  to 
be  fast**  by  comparison  to  reaction  (8).  Therefore,  the  limiting  rate  is  either  the  pumping  step 
(8)  or  the  conversion  of  BiF(X)  back  into  Bi-atoms  due  to  reactions  (7,  x  =  1)  and  (1 1).  Without 
determining  which  rate  is  limiting,  the  limiting  rate  constant  (k_)  can  be  determined  under 
cycling/total  dissociation  conditions  by  applying  the  steady  state  relation 

I  =  Y  lB1(CH3)3l  lNF(a^A)l  (15) 

where  I  is  the  rate  of  BiF(A-X)  photon  emission  per  unit  volume  and  Y  is  the  dissociation  yield 
of  active  Bi/BiF  or  about  5  %.  Applying  the  above  analysis  to  the  data  in  Fig.  7  yields 
k^  -  5  K  10~>  *  cm3/s  in  close  agreement  with  the  measured  rate  of  reaction  (8).  It  therefore 
follows  that  the  rates  of  the  BiF(X)  removal  reactions  (7,  x  =  1  and  1 1)  are  at  least  this  fast  or 
possibly  faster.  Consequently,  at  high  NF(a*A)  concentrations,  the  rate  of  BiF(X)  removal 
exceeds  (5  x  10~*  *  cm^/s)  x  (3  x  10**/cm3)  or  1.5  *  10*/s,  which  is  twice  the  radiative  rate  of 
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Fig.  8  Time  profile  of  BiF(A)  at  reduced  NF(a>A)  concentration  showing  a  10  pS  rise  due  to 
the  dissociation  of  Bi(CH3)3. 

the  BiF(A-X)  transition.  This  result,  which  implies  an  absolute  population  inversion  at  high 
NF(aU)  concentration,  is  consistent  with  the  earlier  assumption  of  negligible  BiF{X) 
concentration. 

5.4  Scaling  of  BiF(A) 

The  peak  achievable  yield  of  BiF(A)  depends  critically  on  the  amount  of  Bi(CH3)3  that  can 
be  productively  added  to  the  FN3.  This  factor  is  controlled  primarily  by  the  associated 
quenching  of  Bi(2D)  and  BiF(A)  by  Bi(CH3)3  and  its  by-products.  Since  BiF(A)  decays  radiatively 
at  a  high  rate,  it  is  less  subject  to  quenching  than  BK^D)  which  has  a  much  longer  kinetic 
lifetime.  Optimum  addition  of  Bi(OH3)3  will  therefore  be  limited  by  the  competition  between 
the  reaction  of  BK^D)  with  NF(a)  and  its  quenching  by  Bi{CH3)3  according  to  the  relation 

kg  |NF(ali)l  ■  k,  (16) 

where  k^  is  the  quenching  rate  constant  that  controls  scaling.  Taking  =  3  x  lC”*°cm3/s 
based  on  Trainer's  work‘9  yields  3  x  lO^^/cm^  as  the  optimum  Bi(CH3)3  concentration  for 
[NF(aiA)]  -  3  X  10t6/cm3.  Higher  concentrations  of  BKCHsls  will  promote  quenching  at  a  rate 
that  is  competitive  with  the  pumping  reaction  and  therefore  will  not  increase  the  yield  of 
BiF(A)  significantly.  Consequently,  the  peak  yield  of  BiF(A)  is  expected  to  be  3  x  10*  ^/cm^ 
multiplied  by  0.2  to  account  for  the  dissociation  fraction,  0.05  to  account  for  the  yield  of  active 
Bi/BiF  and  0.66  to  account  for  the  fraction  of  active  Bi/BiF  in  the  BiF(A)  state.  In  practice, 
this  steady-state  estimate  must  be  discounted  by  an  additional  factor  of  2,  since  under  optimal 
Bi(CH3)3  loading  the  time  duration  (FWHM)  of  the  BiF(A)  pulse  is  comparable  to  the  radiative 
lifetime.  The  net  result  is  an  expected  BiF(A)  yield  of  lO'^/cm^,  which  was  indeed  observed  as 
shown  in  Fig.  9  where  the  rollover  with  initial  BKCHsjs  concentration  occurs  at  the  predicted 
3  X  10*  5/cm 3  concentration. 


SPI£  Vol.  1225  High-Power  Gas  Lasers  (1990J  /  553 


$C4748S 


The  scaling  of  the  BiF(A)  yield  was  also  investigated  at  fixed  Bi(CH3)3  concentration  with 
respect  to  varied  initial  FN3  concentration  as  shown  in  Fig.  10.  Here  the  scaling  is  apparently 
nonlinear  in  [NF<a‘a)]  at  low  concentrations  because  quenching  dominates  the  decay  rate  of  the 
Bi(2D)  intermediate.  In  this  limit,  [Bi(2D)]  scales  proportional  to  [NFU‘&)]  since  the 
metastable  species  drives  its  production,  and  [BiF(A)]  produced  via  the  reaction  of  BK^D)  with 
NF(a>A)  then  scales  as  [NF(a'A)]2.  As  the  NF(a*A)  concentration  is  increased,  the  pumping 
reaction  (8)  begins  to  compete  with  the  quenching  of  the  Bif^D).  The  Bi(^D)  concentration  then 
saturates  and  the  BiF(A)  state  begins  to  scale  linearly  with  [NFfa^  a)].  At  high  NF(a  >a)  concen¬ 
trations,  a  saturation  of  the  BiF(A)  yield  could  set  in  if  a  destructive  reaction  between  NF(a>A) 
and  Bil-(A)  were  to  occur  with  a  sufficiently  high  rate  constant  to  compete  with  the  radiative 
decay  of  the  BiF(A)  state.  No  evidence  of  such  reaction  was  obtained,  however,  up  to  NF(a‘A) 
concentrations  of  3  x  10‘®/cm3. 

Under  optimal  Bi(CH3)3  loading  conditions,  the  BiF(A)  time  profile  is  shorter  than  the 
NF{aiA)  time  profile  in  the  absence  of  Bi(CH3)3  by  ■  '  y  a  factor  of  two,  as  shovm  in 
Fig.  11.  This  result  indicates  that  BKCHs)^  quenching  01  i\F(a'A)  is  also  a  significant  factor. 
The  NF(aiA)  data  has  been  smooth  to  eliminate  peak-to-peak  noise  as  indicated  by  the  error 
bar.  The  BiF(A-X)  emission  is  quite  intense  and  therefore  noise  free.  The  vertical  scale  for  the 
BiF  emission  is  substantially  reduced  in  sensitivity  relative  to  the  NF  data. 

The  typical  per  BiF(A,  v'  =  0)  stimulated  emission  cross  sections  for  the  most  favored 
transitions  are  approximately  10" » 6  cm 2  at  1200  K.  At  this  temperature,  roughly  35  %  of  the 
BiF(A)  state  concentration  is  in  v'  =  0;  however,  this  figu»-e  increases  with  reduced  temperature 
as  does  the  cross  section  due  to  the  combined  effects  on  the  rotational  distribution  and  Doppler 
width.  Therefore,  with  careful  optimization,  10 ‘^/cm^  concentrations  of  BiF(A)  are  capable  of 
generating  unsaturated  gain  coefficients  that  approach  lO'^/cm,  adequate  for  large  scale  high 
energy  laser  devices,  provided  the  concentration  of  BiF(X)  is  not  excessive. 
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Fig.  10  Scaling  of  BiF(A)  yield  vs  initial  FN3  concentration. 
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Time  profiles  of  NF(a'A)  in  the  absence  of  Bi(CH3)j  -  upper  curve  and 
BiF(A)  with  optimal  loading  of  Bi{CH3)3  -  lower  curve. 
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5.5  Population  Inversion 

To  test  for  excess  population  of  the  BiF(X)  ground  state,  the  reactor  used  in  the  above 
studies  was  enclosed  inside  an  optical  cavity  formed  by  a  pair  of  concave  dielectric  mirrors. 
The  mirrors  were  sealed  to  the  reactor  without  use  of  intracavity  windows  by  long,  purged 
stainless  steel  bellows  so  that  the  optical  axis  of  the  resonator  passed  through  2.5  cm  of  the 
reacting  flow.  The  mirror  separation  was  set  at  50  cm  so  that  the  c/2L  spacing  of  the  cavity 
modes  was  approximately  25  %  of  the  Doppler  width  of  the  BiF(A-X)  transitions  to  insure  that  a 
cavity  mode  was  located  near  line  center  where  the  cross  section  is  at  a  maximum.  Mirrors 
were  selected  with  constant  R  =  95  %  reflectivity  over  the  wavelength  band  of  the  BiF(A-X) 
transitions  so  that  on  the  average,  a  photon  would  execute  1/(1-R2)  -  10  roundtrips  inside  the 
cavity  before  escaping  to  an  external  detector.  The  effective  path  length  through  the  active 
medium  was  therefore  50  cm.  The  OMA  was  used  to  collect  on-axis  radiation  leaking  from  the 
cavity  and  to  compare  the  spectrum  of  the  cavity  emissions  to  a  direct  chemiluminescence 
spectrum  obtained  without  use  of  an  optical  cavity.  The  intensifier  section  of  the  OMA  was 
gated  to  detect  only  the  peak  of  the  BiF(A)  time  profile  in  each  case.  The  region  of  the  v'  =  0 
to  v"  =  0  transitions  was  then  analyzed  for  signs  of  spectroscopic  distortion  due  either  to 
intracavity  self-amplification  or  self-absorption.  Band-to-band  comparisons  were  not  used 
because  slight  departures  from  vibrational  equilibrium,  which  are  possible  due  to  the  short 
duration  of  the  experiment,  would  lead  to  erroneous  results.  Distortion  of  the  shape  of  a  single 
band,  however,  depends  on  the  rotational  distribution  which  is  more  rapidly  thermalized.  In  the 
V*  =  0  to  v"  =  0  band,  the  cross  section  is  peaked  to  the  red  of  the  bandhead  at  3  -  30  (437  nm). 
Therefore,  the  presence  of  gain  or  loss  in  the  cavity  will  distort  the  shape  of  the  band  as  seen 
through  the  mirrors.  Contrary  to  first  intuition,  the  presence  of  gain  initially  increases  the 
width  of  the  band  by  enhancing  the  3-30  radiation  relative  to  the  bandhead. 

Within  the  signal-to-noise  ratio  of  the  experiment,  which  was  20  to  1  or  better,  no  signif¬ 
icant  distortion  of  the  band  shape  was  observable,  as  shown  in  Figs.  12(a)  and  12(b).  An  upper 
limit  on  the  BiF(X)  concentration  was  therefore  established  by  assuming  a  trial  value  for 
[BiF(X)]  and  then  calculating  the  absorption  of  3  -  30  and  bandhead  radiation  over  a  50  cm  path, 
assuming  [BiF(A))  =  lO'^/cm^  and  rotational-vibrational  equilibrium  at  1200  K.  The  cross 
sections  were  calculated  from  knowledge  of  the  radiative  rate^  and  the  spectroscopic  parame¬ 
ters*®  of  the  BiF(A-X)  band  system.  The  trial  concentration  of  BiF(X)  was  then  adjusted  so  that 
the  differential  absorption  matched  twice  the  signal-to-noise  ratio  of  the  experiment.  By 
following  this  procedure,  the  concentration  of  BiFfX)  was  shown  to  be  less  than  4  x  10>  Vcm^. 
This  result  does  not  rule  out  an  absolute  inversion,  but  tends  to  suggest  at  least  partial 
inversions  on  the  v'  =  0  to  v"  >  3  transitions,  assuming  a  near  thermal  vibrational  distribution  in 
the  BiF(X)  ground  state. 

More  sensitive  exp>eriments  have  been  conducted  with  mirrors  of  99.9  %  reflectivity  in 
which  the  potential  peak  gains  can  actually  exceed  the  cavity  threshold.  Saturated  lasing  is  not 
expected  in  this  case,  however,  because  the  peak  gain  lasts  for  only  about  2  ys  (Fig.  1 1)  dur  ing 
which  the  photons  can  execute  approximately  600  roundtrips.  At  a  peak  gain  per  roundtnp  of 
(3  X  10”'*/cm)  (5  cm)  -  0.15  %,  neglecting  mirror  losses,  the  initial  spontaneous  emission  can  only 
experierKe  a  net  enhancement  of  order  unity.  Therefore,  no  significant  laser  output  is 
expected,  but  spectroscopic  distortion  of  the  cavity  output  due  to  optical  gain  can  be  substan¬ 
tial.  In  these  final  experiments,  the  production  of  BiF(A)  was  also  enhanced  by  using  a  KrF 
laser  to  peu'tially  photodissociate  the  Bi(CH3)3  with  a  variable  lead  in  time  relative  to  the  peak 
of  the  NF(a)  time  profile.  The  best  results  were  obtained  when  the  KrF  leiser  pulse  was  applied 
approximately  1  ws  ahead  of  the  peak  NF(a)  signal,  resulting  in  a  50%  enhancement  of  the  peak 
BiF(A)  concentration.  The  BiF(A)  signal  disappeared  entirely,  however,  when  the  KrF  laser  was 
applied  with  the  COj  laser  beam  blocked,  confirming  that  NF(a)  production  by  thermal  disscxria- 
tion  of  FN3  was  necessary  to  excitation  of  the  metal  fluoride.  This  result  is  not  surprising  since 
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Fig.  12  Comparison  of  BiF(A-X,  v'  =  0  to  v"  =  0)  bands  in  the  absence  of  a  cavity  (a)  and 
with  a  cavity  using  mirrors  of  99.5  %  reflectivity  (b)  and  99.9  %  reflectivity  (c). 

the  KrF  radiation  is  strongly  absorbed''’^  by  Bi(CHj)3,  but  only  very  weakly  by  FNj.  Time  pro¬ 
files  of  Bi(^D)  collected  with  and  without  use  of  the  KrF  and  CO2  lasers  revealed  that  the  KrF 
laser  did  yield  a  prompt  source  of  BK^D)  that  was  comparable  to  the  BK^D)  produced  by 
reaction  (9),  which  accounts  for  the  enhanced  BiF(A)  production.  The  KrF  laser,  however,  does 
not  help  to  clear  the  BiF(X)  ground  state  and  since  the  photon  lifetime  in  the  high  reflectance 
cavity  is  comparable  to  the  radiative  lifetime  of  BiF(A),  the  intracavity  experiment  constitutes 
a  valid  test  for  chemical  removal  of  the  BiF(X)  ground  state.  The  corresponding  cavity  emission 
data,  shown  in  Fig.  12(c),  is  characterized  by  a  lower  signal-to-noise  ratio  because  of  the 
reduced  transmission  through  the  high  reflectance  mirrors.  Nonetheless,  a  significant  distortion 
of  the  v'  =  0  to  v"  =  0  band  at  437  nm  is  evident,  which  is  presumably  the  result  of  amplification, 
since  it  is  a  reproducible  feature  of  the  cavity  emission  spectrum  and  is  not  present  in  back¬ 
ground  scans  taken  with  the  CO 2  iaser  blocked.  This  result  implies  an  absolute  inversion  of  the 
BiF(A-X)  transition.  V'ork  is  currently  proceeding  to  use  a  pulsed  dye  laser  to  charge  the 
optical  cavity  with  resonant  photons  so  that  amplification  during  the  cavity  ring  down  can  be 
sensitively  detected  with  a  high  signal-to-noise  ratio.  Details  of  this  experiment  will  be 
reported  in  a  subsequent  publication. 


6.  CONCLUSIONS 

The  results  we  have  obtained  using  the  FN3  source  of  NF(a'A)  to  excite  BiF(A)  with 
Bi(CH3)3  as  a  starting  material  are  basically  compatible  with  Herbelin's  findings  in  the  same 
system  driven  by  NF(a>A)  obtained  from  the  fl  +  NF2  reaction,  and  support  the  conclusion  that 
energy  transfer  from  NF(aiA)  to  BiF  is  a  viable  mechanism  for  the  generation  of  a  visible 
wavelength  chemical  laser.  Further  work  will  be  required  to  develop  the  laser,  however,  in 
three  key  areas.  Sirxie  the  potential  gains  are  small,  larger  gam  lengths  and  gain  times  will  be 
required  for  efficient  power  extraction.  In  a  high  energy  system,  it  will  also  be  desirable  to 
replace  the  CO 2  laser  heating  mechanism  with  supersonic  mixing  between  a  preheated  primary 
gas  stream  and  secondary  injection  of  FN3  at  300  K.  The  nozzle  design  will  be  critical  in 
several  regards.  First,  due  to  the  self-annihilation  reaction,  it  will  be  necessciry  to  accomplish 
mixing  on  the  ps  time  scale  to  dissociate  the  FN3  efficiently;  second,  careful  optimization  of 
temperature  is  required  to  tradeoff  dissociation  rate  with  gain  cross  section;  and  third, 
adiabatic  expansion  and  the  use  of  an  inert  diluent  gas  as  a  thermal  buffer  will  have  a  strong 
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influence  on  the  coupling  between  Mach  number  as  influenced  by  reactive  heat  release  and 
dissociation  rate  as  influenced  by  changes  in  gas  temperature  due  to  pressure  recovery.  Finally, 
it  will  be  desirable  to  replace  the  Bi(CH3)3  with  superheated  Bi  vapor  that  consists  primarily  of 
Bi-atoms,  to  eliminate  the  kinetic  bottleneck  and  by-product  quenching  reactions  that  are 
associated  with  use  of  the  organometallic  Bi  donor. 
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Stimulated  emission  on  the  /’1 43)  and  R{~IQ)  transitions  of  the  HiF  {A-X,  e'  =  1  to  v"  ==  4) 
band  was  demonstrated,  using  the  reaction  of  premixed  FN.  and  lh(CH, ) ,.  The  transient 
chemistry  was  thermally  initiated  by  a  pulsed  COj  laser,  using  SF„  as  a  sensitizer,  while 
amplification  was  detected  using  an  etalon-tuned  pulsed  dye  laser  probe  and  a  sensitive  cavity 
ringdown  technique.  The  magnitude  of  the  peak  gain,  estimated  at  3.6x  10  ^/cm,  was 
consistent  with  a  negligible  concentration  of  the  terminal  BiFCT,  e'  =  4)  state,  based  on  the 
calculated  optical  cross  section  and  the  peak  concentration  of  the  BiF  {A,  v'  =  \  )  state,  as 
measured  by  absolute  photometry. 


I.  INTRODUCTION 

The  development  of  the  Oj  (o' A)-/  *  energy  transfer  la¬ 
ser,'  which  operates  at  1315  nm  in  the  near  infrared,  demon- 
strai  s  that  electronic  transitions  can  be  efficiently  pumped 
by  chemical  reaction.  Despite  a  decade  of  intense  effort,  no 
new  chemical  lasers  have  appeared  at  shorter  wavelength; 
however,  recently  considerable  progress  has  been  made  on 
the  chemical  generation  of  metastable  species  that  are  high¬ 
er-energy  analogs  of  Oj  (tr'A).  In  prior  reports^  ’  we  have 
demonstrated  that  gaseous  FNj  can  be  safely  generated  in 
the  laboratory  and  that  very  large  concentrations  of  metasta¬ 
ble  NF(a'A)  can  be  obtained  by  rapid  (pulsed  COj  laser- 
initiated)  pyiolysis  of  FNj/SFh/Ile  gas  mixtures.  In  this 
system,  the  SF^,  absorbs  the  infrared  laser  radiation  and  then 
heats  the  He  bath  gas  upon  rapid  thcrmaliz.ation.'*  The  sud¬ 
den  increase  in  gas  temperature  then  triggers  efficiem  disso¬ 
ciation  of  the  FNj  molecules  into  NF(a'A)  and  Nj  on  the/ts 
lime  scale.  In  a  subsequent  report,'  we  also  demonstrated 
(following  the  work  of  Herbelin'’ )  that  intense  blue  BiF  (A- 
X)  chemiluminescence  was  obtained  upon  generating 
NF(a)  by  dissociation  of  FNj  in  the  presenceof  Bi(CHj ),. 
Consequently  w;e  have  focused  our  efforts  on  the 
FNj/Bi(CH,),  reaction  system  av  a  potential  gain  gener¬ 
ator  for  a  visible  wavelength  chemical  laser. 

II.  EXPERIMENT 

A.  Chemical  pumping 

The  best  results  [  in  terms  of  BiF(/l )  production  j  were 
obtained  using  approximately  2-3  Torr  of  FN,,  15  Torr  of 
SF,,,  30-50  mlorr  of  Bi(CH, ),,  and  balance  He  to  a  total 
pressure  of  1 50  Torr,  with  an  excitation  fluence  of  approxi¬ 
mately  3(XD  mJ/cm^  The  active  region  of  our  reactor  was 
approximately  a  rectangular  parallelepiped  of  dimensions 
0.3  xO.3  X  2.5  cm  '.  The  COj  laser  was  pulsed  at  a  2  Hz  repe¬ 
tition  rate  and  the  incident  10.6 /i  radiation  was  trai  smitled 
normal  to  the  long  axis  of  the  reaction  zone,  while  the  rea¬ 
gent  gases  were  allowed  to  flow  through  the  reactor  at  a 
nominal  velocity  of  20  cm/s.  The  direction  of  gas  flow  in  the 
reactor  was  normal  to  both  the  long  axis  of  the  reaction  zone 
and  the  direction  of  propagation  of  the  CO,  laser  beam.  The 
active  flow  was  also  enclosed  by  a  velocity-matched  Kr 


shield  flow,  while  the  cylindrically  focused  COj  laser  beam 
entered  and  exited  the  stainless-steel  reactor  through  NaCl 
windows  at  normal  incidence.  Since  the  FN  ,  and  Bi(CH) ) , 
were  subject  to  slow  prereaction  on  the  100-500  ms  time 
scale,  ihese  reagents  were  separately  ducted  to  the  reaction 
zone  where  mixing  occurred  in  approximately  5-10  m^  prior 
to  initiation  by  the  CO,  laser.  In  the  absence  of  Bi(CH , ), , 
the  NF(r3)  time  profile  consisted  of  a  smooth  rise  to  a  peak 
concentration  of  3xl0'Vcm'  in  approximately  2  fis  fol¬ 
lowed  by  a  decay  to  half  its  peak  concentration  in  about  5-10 
/is.  Addition  of  optimal  Bi(CH, ),  produced  a  BiFfT )  lime 
profile  which  rose  to  a  peak  concentration  of  3.5  X  10' '/cm' 
with  a  nominal  1  /ts  rise  time  and  a  2-3  /ts  ( FWHM )  pulse 
duration.  Both  the  NF(o)  and  BiF(zl)  concentrations  were 
determined  by  absolute  photometry  from  the  measured  in¬ 
tensities  and  the  known  radiative  rates'  ”  of  the  tratisi- 
tions*  '  at  874  and  437  nm,  respectively.  The  intensity  data 
was  collected  using  interference  filters,  a  calibrated  Si  photo¬ 
diode,  and  a  transient  digitizer  or  oscilloscope.  These  mea¬ 
surements  arc  fully  described  in  prior  publications,  which 
also  detail  the  generation  and  measurement  of  the  initial  rea¬ 
gent  species.'  '  The  gas  temperature  at  the  time  of  peak 
DiF'(/l-T')  chemiluminescence  was  also  estimated,  with 
knowledge  of  the  relevant  Franck-Condon  factors,''  as 
1800+  200  K  by  analysis  of  the  emission  spectrum'  that 
was  captured  by  a  gated  optical  multichannel  analy/.cr 
(OMA). 

B.  Gain  generation 

Inversion  of  the  1.4-/rs  Bil'(zl-A')  transition  was  expect¬ 
ed  in  the  FN,/Bi(CH,),  reaction  system  because  (under 
selected  conditions)  we  were  able  to  observe  the  emission  of 
several  photons  per  organomctallic  donor  molecule  in  the 
active  volume  of  our  reactor.  This  result  suggests  that 
l)iF(A')  is  repumped  to  the  Bil'(zl)  state  by  NF(c/)  follow¬ 
ing  the  emission  of  an  A-X  photon.  Therefore,  at  sufficiently 
high  NFtfl)  concentration  the  cycling  reactions  would  com¬ 
pete  with  the  spontaneous  decay  rate,  leading  to  A  /X  con¬ 
centration  ratios  greater  than  unity.  Prior  work  has  also  sug¬ 
gested  a  rate  coefficient  for  the  pumping  reaction'  of 
4x  10  "  em’/s,  which  would  be  suflicient  to  yield  a  weak 
inversion  of  the  /f-A' electronic  transition,  for  NF(a)  con¬ 
centrations  >2x  lO'Vcm'.  I  his  condition,  however,  would 
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be  adequate  for  the  generation  of  a  strong  inversion  on  se¬ 
lected  vibrational  transitions  from  low  u'  to  higher  i“  energy 
levels,  if  thermal  distributions  arc  obtained  in  botli  elec¬ 
tronic  states.  Vibrational  relaxation  is  expected  to  occur  on 
the  /is  time  scale  at  the  high  operating  pressure  of  our  reac¬ 
tor"  and  time  gated  spectroscopic  analysis  of  the  BiF(/l-A') 
emission  has  revealed  a  near  thermal  distribution  of  the 
n' =  0-3  energy  levels  in  our  experiment.  The  u'  —  1  to 
u'  =  4  transition  was  selected  for  study  because  it  olTcrcd  the 
highest  gain  cross  section  on  a  transition  with  a  high  proba¬ 
bility  of  inversion.  Transitions  to  lower  e”  energy  levels  or 
from  higher  v  energy  levels  are  less  likely  to  be  inverted, 
while  transitions  from  n'  ^  0  or  c'  -  1  to  energy  levels  with 
ti' >  4  have  low  optical  cross  sections  due  to  declining 
Franck-Condon  factors.  The  u'  =  1  to  u”  =  4  transition  was 
selected  over  the  u'  =  0  to  u"  =  .3  or  n"  =  4  transitions,  be¬ 
cause  the  latter  have  anomalousl .  low  transition  probabili¬ 
ties.  Also,  the  vibrational  spacing"  in  the  RiF(/4t  state  is 
relatively  small  (384  cm  ')  and,  consequently,  the  v  —  1 
and  v’  =0  concentrations  are  comparable  at  the  peak  tem¬ 
peratures  achieved  in  our  reactor.  Finally,  the  degenerate 
/’(43)  and  R(10)  rotational  transitions  at  21  218.906  cm  ' 
(in  the  u'  =  1  to  u”  =  4  band )  were  selected  since  the  corre- 
spondingV  levels  lie  near  the  peak  of  the  rotational  distribu¬ 
tion  at  1 8(X)  K  and  the  accidental  spectroscopic  aligtimenl  of 
these  transitions  enhances  the  sensitivity  of  our  measure¬ 
ment.  In  this  region  of  the  BiF(/l-A')  spectrum,  the  adjacent 
pairs  ofF/i?  rotational  lines  are  spaced  by  approximately  1.7 
cm  ■  '. 

C.  Gain  diagnostic 

The  measurement  of  optical  gain  or  loss  w-as  accom¬ 
plished  by  using  a  variant  of  the  cavity  ringdown  method'" 
reported  by  O'Keefe  and  Deacon.  In  our  experiment,  the 
active  volume  of  the  reactor  was  located  at  the  center  of  a 
symmetrical  resonator  formed  by  two  maximum-reflectance 


dielectric  mirrors  of  50  cm  radius  of  curvature  that  were 
spaced  50  rm  apart.  The  mirrors  were  sealed  directly  to  the 
reactor  by  stainless-steel  bellows  that  were  purged  with  Ar 
to  prevent  surface  contamination  and  eliminate  aity  intraca¬ 
vity  optical  losses  due  to  imperfectly  transmitting  windov  s. 
The  axis  of  symmetry  of  the  optical  cavity  was  aligned  to 
pass  through  the  center  of  the  active  region  of  our  reactor 
(along  the  long  axis),  perpertdicular  to  both  the  CO,  laser 
beam  and  the  direction  of  gas  flow.  A  pulsed  dye  laser  probe 
beam  was  also  aligned  to  the  axis  of  symmetry  of  the  optical 
cavity  and  upon  exiting  the  cavity  was  directed  to  the  OM  A. 
As  shown  in  Fig.  1,  a  coaxial  HcNc  laser  beam  was  used  to 
align  the  cavity  mirrors  to  each  other  as  well  as  the  dye  laser, 
reactor,  and  OMA. 

The  dye  laser  was  similar  in  design  to  the  device  origin¬ 
ally  reported"  by  Hansch  except  that  we  used  a  XeCl  laser 
rather  than  an  Nj  laser  for  excitation  and  we  replaced  the 
grating  reflector  w  ith  a  prism/flat  reflecting  mirror  combi¬ 
nation.  The  dye  laser  included  an  intracavity  telescope  and  a 
temperature  stabilized  solid  etalcn  with  a  free  spectral  range 
of  3. 1  cm  '  and  a  finesse  of  40.  The  energy  of  the  XeCI  laser 
was  adjusted  to  yield  nominal  50  /r  J  output  pulses  of  5  ns 
duration.  Coarse  tuning  of  the  rear  mirror  defined  a  lasing 
envelope  in  the  vicinity  of  471  nm  under  which  as  maiiy  as 
20-30  mo  les  ol  the  etalon  were  observed  in  the  output.  The 
dye  laser  output  was  attenuated  by  a  neutral  density  filter  to 
prevent  saturation  of  the  O.M  A,  while  isolation  between  the 
dye  laser  and  the  reactor  cavity  was  obtained  using  an  optical 
delay  long  enough  to  insure  that  the  dye  laser  pulse  was 
termitiated  before  any  relroreflection  could  affect  its  spec¬ 
tral  content.  Also  the  separation  of  the  mirrors  in  the  reactor 
cavity  was  chosen  for  efil  icnt  interaction  with  the  gain  me¬ 
dium  by  insuring  a  small  enough  mode  spacing  so  that  a 
cavity  resonance  is  always  located  near  the  peak  of  the  select¬ 
ed  (Doppler  broadened)  BiF  transition.  Finally,  the  dye  la¬ 
ser  radiation  (upon  exiling  the  reactor  cavity)  was  con¬ 
densed  to  a  spot  that  w  as  slightly  larger  th  m  the  entrance  sht 
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FIG.  1.  Schcmalic  diagram  of  llic  cavity  rnigdoun  cspcriincnl  Wbcd  to  dcmoiisiralc  opiical  gain  in  Bil* 
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of  the  OMA  to  eliminate  any  gas  lens  effects  due  to  local 
heating  of  tin.  reactants  by  the  COj  laser. 

An  electronic  signal  derived  from  the  CO,  laser  dis¬ 
charge  was  used  to  trigger  a  circuit  which  fired  the  XeCI 
laser  after  a  variable  time  delay.  The  function  of  this  delay 
was  to  allow  time  for  the  chemistry  (initiated  by  the  COj 
laser)  to  build  up  a  maximum  inversion  before  the  gain  me¬ 
dium  was  interrogated  by  the  dye  laser.  A  second  time  delay, 
triggered  off  the  XeCl  laser  discharge,  was  used  to  fire  a 
pulse  generator  to  open  the  gate  of  the  OMA  for  a  100  ns 
period  following  a  200  ns  delay.  Therefore,  on  the  average, 
the  detected  photons  were  inside  the  optical  cavity  for  250 
ns,  corresponding  to  150  passages  through  the  2.5-cm-long 
gain  medium.  Consequently,  the  effective  gain  length  was 
375  cm.  By  using  a  fast  Si  photodiode  and  oscilloscope  to 
monitor  the  dye  laser  beam  that  exited  the  cavity  (with  the 
reactor  at  vacuum ),  the  exponential  decay  time  of  the  opti¬ 
cal  resonator  was  found  to  be  approximately  1  /is,  which  is 
consistent  with  the  mirror  spacing  and  the  >  99,8%  reflec¬ 
tivity  quoted  by  the  manufacturer. 

By  tilting  the  etalon,  a  selected  laser  mode  was  posi¬ 
tioned  near  the  wavelength  of  the  target  BiF  iransition,  using 
the  OMA  and  a  Ne  hollow  cathode  lamp  as  an  absolute 
wavelength  reference.'^  The  spectroscopic  resolution  of  the 
OMA  was  adequate  to  separate  the  modes  of  the  etalon,  but 
not  the  individual  rotational  lines  of  the  BiF'  molecule.  Since 
the  rotational  spacing  of  the  BiF  molecule  and  the  free  spec¬ 
tral  range  of  the  etalon  do  not  agree,  only  one  mode  of  the 
probe  laser  can  be  aligned  to  one  BiF  transition  (that  is  mea¬ 
sured)  while  the  adjacent  modes  of  the  dye  laser  fall  between 
the  nearby  BiF  transitions.  These  nonaligned  modes  there¬ 
fore  provide  a  convenient  zero  gain/zero  loss  reference.  Both 
the  active  (measuring)  mode  and  the  adjacent  (reference) 
modes  were  captured  simultaneously  by  the  OMA  for  direct 
comparison. 

The  presence  of  gain  or  loss  is  detected  by  using  the 
OMA  to  record  the  enhancement  or  diminution  of  the 
aligned  mode  of  the  dye  laser  in  relation  to  its  adjacent  refer¬ 
ence  modes,  after  passage  through  the  reactor  during  the 
period  of  chemical  reaction.  Since  detector  noise  is  negligi¬ 
ble,  the  sensitivity  of  the  experiment  depends  primarily  on 
the  stability  of  the  dye  laser  probe.  Blocking  the  dye  laser 
beam  (ahead  of  the  reactor  cavity)  while  passing  the  COj 
laser  into  the  reactor  (to  initiate  chemistry)  demonstrated 
that  chemiluminescence  was  not  detectable  on  the  sensitivity 
scale  of  the  OMA  that  was  employed  to  monitor  the  probe 
beam.  Therefore,  the  magnitude  of  the  gain  coefTicient  is 
inferred  from  the  effective  path  length  discussed  above  and 
the  relative  magnitude  of  the  observed  enhancemem,,  taking 
into  account  the  interaction  of  the  probe  beam  with  the  BiF 
transitions.  The  efficiency  of  this  interaction  is  roughly  given 
by  the  ratio  of  the  Doppler  width  of  the  BiF  transitions  to  the 
width  of  the  convolved  laser  mode  and  target  transition 
Based  on  Hansch's  data,"  and  the  characteristics  of  our 
etalon,  we  e.xpcct  a  probe  linewidth  (for  a  single  mode)  of 
0.03-0.06  cm  '.  Since  the  Doppler  width  of  the  BiF  transi¬ 
tions  at  the  temperature  of  our  experiment  is  approximately 
0.05  cm  ',  the  efficiency  factor  is  in  the  range  of  60%-90%- 

Thc  gain  experiment  was  performed  by  first  setting  a 
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long-time  delay  between  the  CO ^  and  dye  laser  and  using  an 
excess  of  Bi(CH, ) ,  in  the  reactor  to  generate  a  large  absorp¬ 
tion  signal  that  could  be  used  for  final  tuning  of  the  laser 
without  the  benefit  of  signal  averaging.  (3nce  the  laser  was 
tuned  to  the  target  transitions  (in  absorption),  the 
Bi(CH,  )i  flow  was  reset  to  optimize  the  gain  and  the  time 
delay  was  adjusted  so  that  the  dye  laser  photons  were  inject¬ 
ed  into  the  reactor  cavity  m  near  temporal  coincidence  with 
the  peak  of  the  BiF(/( )  time  profile.  Data  was  then  collected 
in  both  a  signal  and  baseline  mode.  The  baseline  data  was 
obtained  by  blocking  the  CF)^  laser  beam  to  turn  off  the 
chemistry  in  the  reactor  and  establish  the  mode  to  mode 
pattern  of  the  unperturbed  dye  laser  probe.  With  the  excep¬ 
tion  of  the  deliberately  aligned  mode,  infrequent  (acciden¬ 
tal)  near  resonances  between  the  dye  laser  and  nearby  BiF 
transitions,  and  a  strong  absorption  line' ’  at  472.2  nm  [due 
to  the  presence  of  Bi  (  ■’£>)  as  an  intermediate  species' ^  ]  the 
Mgnal/baseline  intensity  ratio  of  each  individual  mode  was 
close  to  unity  for  all  the  etalon  modes  in  the  output  of  the  dye 
laser  There  was,  however,  an  observable  trend  due  to  the 
presence  of  undissociated  FN ,  ( in  the  baseline  experiment ) . 
which  progressively  increased  the  intensity  of  the  signal 
modes  (in  relation  to  the  corresponding  baseline  data)  as  the 
wavelength  decreased.  T1 's  effect,  which  did  not  depend  on 
the  tuning  of  the  etalon,  is  due  to  a  weak  continuum  absorp¬ 
tion"  by  F-'N;  that  is  increasing  towards  a  maximum  at  425 
nm.lhe  resultant  deviation  was  a  weak  (near-linear)  func¬ 
tion  of  wavelength  that  produced  a  net  10%  change  in  the 
signal/bascline  ratio  over  approximately  20  free  spectral 
ranges.  Consequently,  there  was  negligible  (  <0.5%)  eflect 
on  the  relative  signalAiaseline  intensity  ratios  between  any 
two  adjacent  modes.  Since  this  absorption  is  very  weak  at 
471  nm,  and  the  FN,  is  largely  dissociated'’  by  the  time  the 
concentration  of  the  BiF(/4 )  state  peaks,  the  signal  absorp¬ 
tion  (due  to  residual  azide)  is  conservatively  estimated  at 
less  than  5x10  Vcm. 

III.  RESULTS 

The  experimental  method  was  initially  developed  by 
measurements  conducted  on  overlapping  P//?  transitions  in 
the  u  =  0  to  =  0  band  (near  437  nm)  at  peak  NFlu) 
concentrations  ofbx  lO'Vcm'.  Under  these  conditions  gam 
IS  not  expected  and  was  not  observed;  however,  relatively 
large  absorption  signals  were  detected  which  facilitated  test¬ 
ing  of  the  apparatus.  Verification  experiments  were  em¬ 
ployed,  as  detailed  below,  to  insure  that  the  measurements 
are  valid  and  not  the  result  of  experimental  artifacts.  The 
sensitivity  of  the  reactor  cavity  to  weak  internal  absorbers 
was  verified  by  using  a  fast  silicon  photodiode  and  oscillo¬ 
scope  to  monitor  the  exponential  decay  of  the  cavity  emis¬ 
sion  following  jiulsed  dye  laser  excitation.  In  these  experi¬ 
ments  the  COj  laser  was  initially  blocked  and  a 
FNi/SFft/Ilc  gas  mixture  was  admitted  to  the  reactor.  Us¬ 
ing  the  known  extinction  coeflicient' '  of  FN,,  a  sufficienl 
aniouii;  ofthe  gas  was  added  to  the  reactor  to  approximately 
halve  the  decay  time.  Upon  obsei  ving  that  the  decay  tune 
was  indeed  halved,  the  CO,  laser  was  then  unblocked  (to 
dissociate  the  FN  ,  )  and  the  decay  iinic  was  found  to  return 
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to  its  original  value.  Upon  addition  ofBiCCHj )  j  to  the  reac¬ 
tor,  we  also  confirmed  (by  tuning  the  etalon)  that  the  fea¬ 
tures  being  probed  in  absorption  were  narrow  in  comparison 
to  a  free  spectra!  range.  Further,  the  correct  rotational  spac¬ 
ing  between  adjacent  pairs  of  BiF  rotational  lines  was  coii- 
firmed  and  the  lines  appeared  (to  within  O.Scm  ')ofthe 
predicted  absolute  wavelengths.  Wc  also  observed  that  the 
magnitude  of  the  absorption  signals  were  reduced  in  other 
portionsof  the  band  where  the  /’and  R  lines  are  well  separat¬ 
ed,  and  the  signals  were  found  to  disappear  entirely  at  wave¬ 
lengths  just  below  the  band  head  as  expected.  The  signals  also 
disappeared  if  the  dye  laser  was  fired  ahead  of  the  CO,  lasci 
in  time,  and  the  absorption  signals  increased  with  increasing 
delay  of  the  dye  laser  in  relation  to  the  CO,  laser.  No  signals 
were  obtained  if  Bi(CH, ) ,  was  eliminated  from  the  reactor, 
and  use  of  larger  Bi(CH, ),  concentrations  increased  the 
magnitude  of  the  measured  absorption.  Consequently,  wc 
can  be  assured  that  the  observed  signals  are  due  only  to  the 
presence  of  BiF  molecules  in  the  reactor. 

Tire  results  shown  in  Table  1  were  obtained  on  the  u  =  1 
to  L'"  ~  4  transition,  with  a  peak  NF'(a)  concentration  of 
3  X  lO'Vcm’and  a  BifCHj ) ,  flow  that  was  chosen  to  yield  a 
peak  BiF(/l-^)  emission  intensity  approaching  60%  of  opti¬ 
mal.  The  donor  concentration  was  reduced  to  prevent  exces¬ 
sive  formation  of  the  BiFfA")  ground  stale  since  addition  of 
Bi(CHj)j  eventually  saturates’  the  peak  yield  of  BiF(/t). 
The  dye  laser  was  also  fired  approximately  1(X>-2(K)  ns  ahead 
of  the  peak  of  the  BiF(y4 )  time  profile  and  data  was  collected 
in  128  shot  averages  that  were  typically  reproducible  (for 
any  one  mode)  to  within  1  %-2%  of  the  peak  intensity  regis¬ 
tered  on  the  OMA.  The  experiment  was  repeated  eight 
times,  each  consecutive  run  consisting  of  a  signal  and  base¬ 
line  average,  without  significant  anomalies.  The  data  repre¬ 
sented  in  Table  I  corresponds  to  the  largest  gain  signal  that 
was  achieved  (by  appropriate  adjustment  of  the  CO,  laser 
energy  and  reactor  stoichiometry/pressure),  and  measura¬ 
ble  gain  was  found  on  each  of  the  eight  runs  in  tnis  sequence. 
The  spectroscopic  data  used  in  Tabic  I  arc  from  an  atlas  of 
the  BiF  transitions  compiled  by  Jone.s''  and,  as  shown  in  the 
table,  alignment  of  the  etalon  to  the  degenerate  /’(43)  and 
RnO)  transitions  results  in  mistuning  errors  (AA  “')  that 
are  typically  5-10  Doppler  widths  for  the  two  adjacent 
modes.  Correspondingly,  there  is  little  difference  in  the  sig¬ 
nal  and  baseline  data  for  the  reference  modes  that  register  at 


OMA  pixel  numbers  490  and  510.  The  aligned  mode  at  pixel 
number  500,  however,  shows  a  10%  enhancement  over  the 
corresponding  baseline  data.  This  result  demonstrates  opti¬ 
cal  amplification  of  the  probe  beam  by  the  chemical  medium 
with  a  signal-to-noisc  ratio  greater  than  5  to  1.  The  corre¬ 
sponding  (two-line)  gain  coefficient  is 
3.6  ±  l.Ox  10  Vcm,  depending  primaiily  on  the  coupling 
efficiency.  Based  on  an  effective  cross  section  of 
8X  10  'Vcm’,  which  is  derived  from  the  known  radiative 
rate*  and  Franck-Condon  factors'*  by  assuming  rotational 
equilibrium,  negligible  hypcrfine  splitting,  and  a  Honl-l.on- 
don  factor ofO. 5  (for  high  7 values),  an  inversion  density  of 
4.5  +  1.3  X  10' Vcm ’is  inferred  for  the  u'  =  1  to  n”  =  4  tran¬ 
sition.  Since  this  value  agrees  favorably  with  the  measured 
peak  value  of  the  BiF(/4,  n'  =  1 )  concentration,  which  is 
approximately  4.2  +  l.Ox  lO'^/cm’,  we  can  infer  (by  com¬ 
parison)  that  the  concentration  of  the  terminal  BiF(T, 
i"  —  4)  state  is  negligible  and  that  a  strong  (A',./;V,  >  2) 
.n version  is  present. 

The  magnitude  of  the  gain  signal  was  observed  to  rough¬ 
ly  track  the  peak  concentration  of  the  BiF(/l )  state,  which 
increased  whth  increasing  CO.,  laser  energy  (temperature) 
over  a  limited  range.  This  dependence  provides  additional 
evidence  that  a  strong  inversion  is  present,  since  a  weak 
(,V„  ~A'/)  inversion  would  be  adversely  afl'ected  by  increas¬ 
ing  thermal  population  of  the  terminal  v"  —  4  state.  Since 
the  gain  cross  sections  decrease  at  higher  temperature,  due 
to  increased  Doppler  linewidth  and  rotational  dilution,  the 
improvement  in  gain  is  due  to  enhancement  of  the  BiF(/l) 
population.  Alsosincc  prior  work’  has  showm  that  the  yield 
ofN'F(o)  is  saturated  (versus  COj  laser  energy),  while  the 
initial  dissociation  of  Bi(CH , ) ,  is  both  thermally  activated 
and  slower  than  the  rate  of  NF(fl)  self-annihilation'  '■*  (for 
initial  FN,  concentrations  greater  than  approximately  0.1 
Torr),  wc  attribute  the  increased  BiF(/l)  population  at 
higher  temperature  to  more  rapid  (and  hence  more  com¬ 
plete)  dissociation  of  the  donor  molecule,  resulting  in  larger 
concentrations  of  active  Bi  species  by  the  time  of  peak  inver¬ 
sion. 

IV.  DISCUSSION 

In  the  case  of  the  ().,  (ti'A)-/  *  system,  lasing  was  ob¬ 
tained  within  a  year  of  the  first  demonstration  of  optical 


Table  I.  Comparison  of  elaton/BiFt^-T,  u'  =  t  to  v"  =  4)  wavenumbers  am)  rclaled  signal.'basctine  micn  .ilics  in  tlic  vicniiiy  of  471  nm 
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gain. Based  on  the  present  result,  efforts  now  underway 
to  demonstrate  lasing  in  BiF  arc  expected  to  be  successful. 
The  demonstration  of  optical  gain  at  471  nm  in  a  reacting 
medium  also  establishes  the  feasibility  of  other  new  chemical 
lasers  that  may  operate  at  visible  and  near  ultraviolet  wave¬ 
lengths.  The  low-gain  coefficients,  which  are  inherent  to 
chemically  pumped-diatomic-short  wavelength  emitters, 
will  pose  significant  problems  in  the  area  of  resonator  design; 
and  a  number  of  additional  challenges  (specific  to  the 
NF/BiF  system)  will  have  to  be  addressed  before  such  a 
laser  can  be  operated  efficiently.  These  difficulties  include 
identification  of  a  more  efficient  means  to  thermally  initiate 
reaction  than  by  use  of  a  COj  laser  and  extraction  of  optical 
power  on  the  /rs  time  scale  before  the  excited  state  concentra¬ 
tions  can  decay  significantly.  The  principal  losses  in  the 
NF/BiF  system  include  spontaneous  radiation"  of  the 
BiF(/l )  state,  self-annihilation^''''  of  the  NF(<3 )  radicals  and 
quenching'^  due  to  the  addition  of  Bi(CH, )}.  Further  re¬ 
search  to  identify  alternatives  to  BiF  that  can  generate  high¬ 
er  gain  coefficients  from  lower  concentrations  of  NF(a) 
over  longer  periods  of  time  is  therefore  definitely  warranted. 
Recent  discoveries'*  of  mechanisms  involving  NF(a)  and 
NCI (fl)  obtained  from  FN,  and  CINj,  which  pump  interha¬ 
logens  (such  as  IF),  may  be  of  interest  in  this  regard,  how¬ 
ever,  since  these  molecules  have  longer  radiative  lifetimes''' 
and  larger  cross  sections  than  BiF.  Also,  the  Franck-Con- 
don  factors^”  in  these  molecules  help  to  sustain  inversion  by 
favoring  transitions  that  terminate  at  higher  vibrational  en¬ 
ergy  levels  of  the  ground  state  than  in  BiF.  Consequently,  the 
ability  to  generate  a  sufficient  quantity  of  metastablc  species 
(to  invert  BiF)  suggests  that  other  (more  efficient)  chemi¬ 
cal  lasers  can  also  be  developed  by  exploring  the  appropriate 
transfer  mechanisms  to  allow  excitation  of  superior  emitting 
species. 
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Thr^'-hold  oscillation  of  an  NF(a^A)/BiF  visible  wavelength  chemical  laser 
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A  novel  shock  tube  reactor  was  used  to  pulse  heat  a  gaseous  mixture  of  He,  FNj,  and  BiCCHjlj 
along  a  40  cm  optical  path  between  two  highly  reflective  mirrors.  Production  of  NF(a'A)  by 
dissociation  of  the  azide  was  found  to  occur  in  a  “delayed  avalanche”  approximately  50  /iS  after 
shock  reflection,  and  weak  lasing  at  470  nm  was  observed  that  is  assignable  to  electronic 
transitions  in  the  BiF(y4-A',  Au  =  3)  band. 


I.  INTRODUCTION 

Since  demonstration  of  the  near-infrared  (electronic 
transition)  oxygen-iodine  chemical  laser'  in  the  late  1970s, 
efforts  to  develop  an  alternative  reaction  system  that  oper¬ 
ates  at  a  visible  wavelength  have  met  with  little  success. 
Because  efficient  production  of  optically  active  species  in 
direct  reactions  is  forbidden  by  spin-selection  rules,  elec¬ 
tronic  transition  laser  concepts  typically  involve  a  “chem¬ 
ical  generator”  to  produce  a  metastable  (energy -storage) 
species,  which,  in  turn,  transfers  its  excitation  to  a  suitable 
“emitter.”  Use  of  NF(a'A)  as  the  metastable  in  visible 
wavelength  Itiser  schemes  is  favored  by  the  high  electronic 
energy  content  (1.4  eV),  low  self-annihilation  rate,^  in 
comparison  with  higher  energy  (N2)  triplet  metastables, ^ 
and  availability  of  twe  efficient  pumping  reactions 
[F-l-N3-NF(a'A)-fN2  and  :i-|-NF2--NF(a'A) -l-HF], 
which  can  be  used  for  chemical  generation.^'*  In  the  early 
1980s,  Herbelin*  discovered  that  addition  of  Bi(CH3)3  to 
NF(a'A)  yields  the  diatomic  BiF  emitter,  which  is  rapidly 
pumped  (^'-'4x  10“"  cmVs)  to  the  radiating  A  state  by 
energy  transfer  and  energy  pooling  reactions.  Heidner’  also 
recently  determined  the  radiative  rate  of  the  BiF(/4-A’) 
transition  to  be/4  =  7xlOVs.  Production  of  a  strong  (ab¬ 
solute)  inversion  therefore  requires  NF(a'A)  concentra¬ 
tions  well  in  excess  of  y4//c~2x  lO'Vcm*.  In  this  case, 
optimum  gain  is  generated  on  vibrational  transitions  with 
A(-'=0.  Partial  inversions,  on  transitions  with  At>>0,  can 
also  be  obtained  at  somewhat  lower  concentrations  of 
NF(a'A),  depending  on  temperature,  if  the  pressure  is 
high  enough  to  maintain  themialized  vibrational  distribu¬ 
tions.  The  highest  Au  transitions,  however,  have  dimin¬ 
ished  gain  cross  sections  due  to  declining  Franck-Condon 
factors.®  Consequently,  at  temperatures  from  1200-1800 
K;  the  Ai)=3  band  is  optimal  for  gain  generation  and  re¬ 
quires  [NF(a'A)]~3x  lO'Vcm*  to  support  a  strong  (par¬ 
tial)  inversion.  During  most  of  the  1980s,  however,  the 
known  NF(a'A)  generator  concepts  were  not  easily  scaled 
to  the  required  metastable  concentration  because  of  inher¬ 
ent  limitations  associated  with  initiation  by  slow  mixing 
and  parasitic  side  reactions. 

A  suDerior  chemical  sour^'c  of  NF((3'A),  based  on 
rapid  thermal  dissociation  of  FN3,  was  discovered  during 
the  late  1980s  in  our  laboratory. This  premixed  and 
chemically  pristine  generator  scheme  overcame  ihc  diffi¬ 
culties  cited  abov^  and  achieved  record  NF(a'A)  concen¬ 


trations.  Subsequently,  Benard  and  Winker"  were  able  to 
demonstrate  optical  gain  on  a  selected  BiF(^-A’)  transi¬ 
tion  in  the  1—4  band  by  using  a  pulsed  CO2  laser  to  rap¬ 
idly  heat  a  mixture  of  He,  SF5,  FN3,  and  Bi(CH3)3  inside 
a  subthreshold  cavity  that  was  probed  by  a  dye  laser.  Un¬ 
fortunately,  the  achievable  gain  coefficients  were  very 
small,  because  addition  of  Bi(CH3)3,  and  hence  inversion 
density,  are  both  limited  by  rapid  quenching'^  due  to  the 
methyl  radicals.  The  amplification  obtained  using  the  or- 
ganometallic  donor,  however,  was  still  adequate  to  support 
a  lasing  demonstration,  and  the  high  vapor  pressure  of 
Bi(CH3)3  represents  a  significant  experimental  conve¬ 
nience.  The  CO2  laser  heating  method,  on  the  other  hand, 
is  both  highly  inefficient  and  impractical  as  a  means  to 
generate  a  large  gain  length.  Therefore,  the  present  work 
relics  on  shock  heating,  since  the  gasdynamic  approach  is 
more  capable  of  supporting  a  laboratory  demonstration  of 
spontaneous  lasing.  The  experiments  were  performed  using 
the  tabletop  scale  shock  tube  reactor  described  below. 

li.  EXPERIMENT 
A.  Shock  tube 

The  reactor  was  constructed  of  welded  stainless  steel 
plates,  with  an  internal  50  cm  X  1.25  cm  rectangular  cross 
section  and  with  a  net  length  in  the  flow  direction  of  48  cm. 
As  shown  in  Fig.  1,  the  shock  tube  was  continuously  evac¬ 
uated  through  a  line  of  small  holes  in  the  top  plate  running 
parallel  to  and  5  cm  upstream  of  the  wall  at  the  driven  end 
ol  the  reactor.  Surge  tanks  containing  He,  H2,  20%  F2  in 
He  and  3%  FN3  in  He  were  each  slowly  filled  to  regulated 
pressures  from  on-line  storage  tanks  or  generators.  The  3  1 
tank  containing  the  FN3  was  teflon  lined  and  cooled  to 
— 15  ”C  by  an  external  heat  exchanger.  A  slow  flow  of  He 
was  also  bubbled  through  liquid  Di(CH3)3  at  the  bottom  of 
a  surge  tank  that  was  chilled  to  temperatures  in  the  range 
of  — 15  °C  to  —45  °C  using  a  variable  external  stream  of 
cooled  nitrogen.  With  the  surge  tanks  fully  charged  and 
the  shock  tube  evacuated,  electronically  controlled  sole¬ 
noid  valves  were  opened  for  —0.8  s,  allowing  all  pascs  to 
rush  into  the  reactor.  The  flow  of  each  gas  was  indi  idually 
controlled  either  by  a  critical  flow  orifice  or  an  a  justable 
needle  valve.  The  H2  and  F;  flows  were  mixed  (on  the  fly) 
with  a  variable  flow  of  He  and  a  small  but  continuous  flow- 
of  O2  inside  a  3/8  in.  o.d.x20  ft  long  coiled  copper  lube, 
which  exhausted  to  a  manifold  in  the  back  wail  of  the 


2900  J.  Appl.  Phys.  74  (4),  15  August  1993 


0021-8979/93/74(4)/2900/8/S6.00 


®  1993  American  Institute  of  Physics  2900 


VKUum  FNj/M* 


FIG.  1.  Side  view  of  the  shock  tube  reactor. 


shock  tube.  The  mixed  gases  were  then  injected  into  the 
reactor  through  a  series  of  small  orifices  in  the  back  wall  of 
the  driver  section.  The  O2  flow  was  adjusted  to  the  mini¬ 
mum  value,  which  prevented  spontaneous  ignition  of  the 
H2  and  F2  flows  upon  contact.  Finally,  the  FNj  and 
Bi(CH3)3  gets  streams  were  each  separately  admitted  to  the 
shock  tube  through  two  similar  manifolds,  above  and  be¬ 
low  the  channel,  adjacent  to  the  end  wall  of  the  driven 
section. 

The  optical  ports  consisted  of  two  aligned  1-cm-diam 
holes  in  the  sidewalls  of  the  reactor  that  were  located  tan¬ 
gent  to  the  end  wall  along  the  midline  of  the  channel  in  the 
driven  section.  These  ports  were  purged  by  a  slow  contin¬ 
uous  flow  of  He  that  was  increased  tenfold  while  the  reac¬ 
tants  were  being  admitted  to  the  shock  tube.  The  pressure 
in  the  reactor  during  the  gas  charging  operation  was  mea¬ 
sured  by  a  capacitance  manometer  and  an  electronic  peak 
detection  circuit.  The  peak  pressures  of  the  individual  gas 
components,  when  admitted  to  the  shock  tube  one  at  a 
time,  are  given  in  Table  I  for  a  nominal  condition.  The 
total  peak  pressure  in  the  shock  tube  when  all  gases  were 
admitted  simultaneously  was  approximately  50  Torr,  prior 
to  shock  initiation. 

The  driver  section  of  the  shock  tube  extended  from  the 
back  wall  a  distance  of  16  cm  and  within  this  section  the 
top  plate  of  the  reactor  was  replaced  by  a  fiberglass  panel, 
which  mounted  a  hexagonally  close  packed  array  of  1392 
resistively  loaded  pin  cathodes  that  each  discharged  across 
the  channel  to  ground.  Each  cathode  pin  was  connected  to 
a  330  n/2  W/5%  carbon  resistor  that  was  potted  in  epoxy 
and  connected  in  turn  to  all  the  other  resistors  via  a  copper 
foil.  A  10  madc/30  KV  power  pack  was  used  to  charge  a 
low-inductance  C.5  ufd  energy  storage  capacitor  through  a 
high  impedance  current  limiting  resistor.  The  capacitor 


TABLE  I.  Preignition  pressures  of  reagents  used  in  the  shock  tube 
reactor. 


Driver 

(Torr) 

Laser 

(Torr) 

20%  Fj* 

8.7 

3.0%  FNj‘ 

22.0 

Hr 

4.5 

0.4%  Bi(CH)),* 

17.0 

Or 

0.8 

He  (purge,  low) 

0.2 

He*' 

0-3  8 

He  (purge,  high) 

2.0 

•Diluted  in  He. 

*(M~3  to  M~2,  respectively). 


TIME  (S) 

FIG.  2.  Calculated  time  profile  of  the  driver  gas  temperature. 

was  discharged  to  the  copper  foil  through  a  triggered  hy¬ 
drogen  spark  gap,  which  was  electronically  fired  at  the  end 
of  the  gas  charging  period.  The  function  of  the  pulsed  dis¬ 
charge  in  the  driver  section  was  to  volume  initiate  the 
Hj-t-Fy  chain  reaction  and  rapidly  increase  the  gas  tem¬ 
perature.  Figure  2  presents  modeling  results  of  the  driver 
gas  temperature  versus  time  for  a  typical  shock  tube 
condition.'^  The  calculation  was  performed  using  a  HF 
chemical  laser  rate  packageAinetics  code  and  the  results 
show  that  peak  temperatures  of  4000-5000  K,  depending 
on  He  diluent,  are  achievable  in  less  than  10  ps.  No  dia¬ 
phragm  was  required  to  generate  a  shock  because  the 
driver  gas  could  not  expand  effectively  on  this  short  time 
scale.  Therefore,  with  density  fixed  by  inertia,  the  pressure 
of  the  gas  in  the  driver  section  was  suddenly  increased  by 
the  H2-I-F2  reaction  in  relation  to  the  pressure  of  the 
(cooler)  gas  in  the  driven  section. 

As  shown  in  the  wave  diagram,  Fig.  3,  the  resultant 
spatial  discontinuity  in  pressure  launches  a  compression 
shock  with  a  Mach  number  {M  —  2.5)  toward  the  end  wall 
and  a  diffuse  rarefaction  wave  backward  into  the  driver, 
both  waves  starting  from  the  downstream  edge  of  the  dis¬ 
charge  at  time  zero.  For  the  sake  of  simplicity  only  the 
leading  edge  of  the  rarefaction  wave  is  shown  in  this  figure. 
The  rarefaction  reflects  off  the  back  wall  of  the  driver  and 
then  begins  to  overtake  the  compression  shock  from  be¬ 
hind.  The  compression  shock  moves  into  the  driven  gas. 


FIG.  3.  Wave  diagram  showing  propagaiion  of  disturbances  in  the  shock 
lube  reactor. 
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leaving  the  contact  surface,  which  separates  the  driver  and 
driven  gas,  following  behind.  The  length  of  the  shock  tube 
was  selected  so  that  the  inc.dent  compression  shock  arrived 
at  the  end  wall  of  the  driven  section  [where  'he  FN3  and 
Bi(CH3)3  were  injected]  ahead  of  the  rarefaction  wave. 
The  passage  of  a  shock  compresses,  heats,  and  accelerates 
the  gas  in  the  direction  of  shock  motion.  Therefore,  when 
the  incident  shock  reflected  off  the  end  wall  (*),  a  region  of 
static  gas  W2is  created  (adjacent  to  the  wall)  that  had  been 
heated  and  compressed  twice,  and  accelerated  twice  in  op¬ 
posing  directions.  This  condition  was  subsequently  main¬ 
tained  until  the  rarefaction  arrived,  and  the  gas  began  to 
cool  as  it  expanded  back  toward  the  driver.  A  more  ana¬ 
lytical  presentation  of  shock  tube  theory  by  Kantrowitz'^ 
shows  that  at  M  =  2.5,  the  temperature  of  the  reflected 
shock  region  is  ~15(X)  K,  while  the  corresponding  gas 
density  is  increased  by  roughly  a  factor  of  5  over  its  pre- 
shock  condition.  The  shock  tube  was  designed  to  operate  in 
the  range  of  A/ —  2  to  M ~3  and  achieve  temperature/ 
density  conditions  (behind  the  reflected  shock)  that  ap¬ 
proximated  the  CO2  lju‘'er  heated  experiment,  where  optical 
gain  was  previously  demonstrated.  The  intermediate  tem¬ 
peratures  behind  the  incident  shock,  however,  were  too  low 
to  promote  rapid  reaction  of  the  FN3  and  Bi(CH3)3. 

The  arrival  of  the  incident  shock  at  the  end  wall  of  the 
reactor  was  sensed  by  five  uniformly  spaced,  high-speed 
(PZT)  piezoelectric  transducers  mounted  across  the  shock 
tube.  The  signals  from  any  three  of  the  PZT  monitors  were 
used  to  trigger  electronic  threshold  circuits  that  generated 
standard  square  pulses  of  differing  amplitudes,  which  were 
summed  and  displayed  on  a  storage  scope  with  a  delayed 
time  base  that  was  triggered  by  the  capacitor  discharge. 
The  recorded  “staircase”  patterns  were  monitored  to  en¬ 
sure  that  the  incident  shock  was  both  flat  and  parallel  to 
the  back  wall  of  the  reactor.  Shocks  that  were  synchro¬ 
nized  to  ±2  /iS  over  40  cm  (in  the  optical  direction)  were 
obtained  with  care  by  symmetrically  feeding  the  high  volt¬ 
age  capacitor. to  both  the  right  and  left  sides  of  the  copper 
foil  in  the  driver  section,  by  controlling  the  flow  of  H2-I-F2 
into  the  right  versus  left  side  of  the  driver  manifold,  and  by 
inserting  tapered  fiberglass  liners  along  the  reactor  v/alls  on 
either  side  of  the  shock  channel.  Feeding  the  capacitor 
discharge  to  the  copper  foil  in  the  center  of  the  channel 
resulted  in  less  intense  discharges  on  either  side  of  the 
driver  due  to  varying  (electrical)  inductances  in  the  dis¬ 
charge  current  loops.  Consequently  the  chemical  “induc¬ 
tion  time”  of  the  H2-I-F2  reaction  was  increased  on  the 
sides  of  the  driver  relative  to  the  center,  which  resulted  in 
launching  a  transversely  arched  shock  wave.  Adjusting  the 
H2-I-F2  flow  to  favor  the  right  or  left  side  of  the  dnver  was 
effective  in  correcting  any  transverse  “tilt"  in  the  shock, 
and  the  tapered  liners  compensated  for  curvature  due  to 
viscous  drag  by  increasing  the  pressure  behind  the  incident 
wave  in  the  vicinity  of  each  sidewall.  Angled  liners  with 
tapers  of  7°  to  15°  (decreasing  channel  area  in  the  direction 
of  flow)  were  effective  if  the  slope  was  chosen  to  conserve 
the  area  behind  the  shock,  and  if  the  taper  was  begun  at  a 
point  on  the  sidewall,  where  a  line  to  the  center  of  the  end 
wall  was  also  at  the  Mach  angle. 
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B.  Chemistry 

The  FNj  used  in  this  work  was  generated  on  line  in  a 
half-liter  column  of  0.25  in.  diam  stainless  steel  balls  by  the 
ambient  temperature  reaction'^  of  5%  HN3  with  10%  F, 
(both  in  He  diluent)  at  a  total  pressure  of  350  Torr.  The  Fi 
flow  was  controlled  by  an  electronic  mass  flow  meter  and 
was  set  to  yield  a  HN3  to  F2  molar  stoichiometry  of  2/1. 
The  —3.5  scc/s  (total)  gas  flow  was  passed  through  a 
teflon  filter,  and  approximately  50  ft  of  standard  ]  in.  o.d. 
stainless  steel  and  teflon  tubing  to  a  6  cm  optical  cell, 
where  its  transmission  at  425  nm  was  measured  to  deter¬ 
mine  the  FN3  concentration  using  the  absorbance  data  of 
Gholivand.'^  The  FN3  flow  then  passed  through  a  100  ^m 
diam  critical  flow  orifice  before  entering  the  surge  tank. 
When  the  pressure  in  the  surge  tank  reached  172  Torr,  the 
shock  tube  was  fired  automatically,  and,  following  each 
shot,  the  tank  pressure  recovered  slowly  from  approxi¬ 
mately  95  Torr.  The  continuous  flow  of  FN3  and  He  into 
the  reservoir  caused  the  shock  tube  to  fire  at  a  rate  of 
approximately  one  shot  every  five  minutes.  All  of  the  other 
surge  tanks  held  enough  gas  for  three  to  ten  shots  each  and 
were  fully  recharged  within  1-2  min  after  each  firing. 

The  HN3  (used  to  form  the  FN3)  was  generated  in 
batch  mode  by  reacting  30  g  of  powdered  NaN3  3  1  of 
loosely  packed  stearic  acid  flakes”  in  a  vacuum-sealed, 
resistively  heated  and  teflon-lined  aluminum  pot.  With  stir¬ 
ring  by  a  1  rpm  paddle  and  heating  to  —225  “F,  the  NaN3 
reacted  to  completion  in  approximately  45  min,  if  the  re¬ 
actants  were  initially  well  mixed  before  heat  was  applied. 
The  first  and  last  “thirds”  of  the  HN3  that  evolved  were 
discarded  to  vacuum,  while  the  middle  “third”  was  col¬ 
lected  into  a  pre-evacuated  40  1  stainless  steel  tank.  Care 
was  taken  not  to  accumulate  more  than  100  Torr  of  HN3  in 
this  reservoir  to  avoid  hazardous  condensation.  When  the 
azide  generation  was  complete.  He  was  added  to  the  HN3 
tank  to  a  total  pressure  of  25  psig.  The  yield  of  HN3  was 
subsequently  verified  by  its  known  ultraviolet 
absorbance,'®  and  did  not  measurably  decay  after  storage 
in  the  tank  for  several  weeks.  During  operation  of  the 
shock  lube  the  azide  flow  was  controlled  by  an  electronic 
pressure  regulator  and  the  HN3  tank  bled  down  at  approx¬ 
imately  1  psig  per  hour. 

Great  care  was  exercised  at  all  times  to  avoid  personal 
exposure  to  any  of  the  azides,  Ft  or  Bi(CH3)3,  because  of 
toxicity,  and  no  cold  traps  that  might  condense  or  detonate 
the  gaseous  azides  were  used. 

C.  Optical 

The  diagnostics  used  with  the  shock  tube  included  a 
GaAs  photomultiplier  tube  (PMT)  with  selected  interfer¬ 
ence  filters  and  a  wideband  preamplifier  to  record  time 
profiles  on  the  storage  scope  and  a  time  gated  optical  mul¬ 
tichannel  analyzer  (OMA)  for  spectral  analysis.  These  de¬ 
tection  systems  were  used,  with  either  quartz  windows  or 
maximum  reflectance  dielectric  mirrors  (450-490  nm),  in 
place  over  the  optical  ports.  One  mirror  was  flat  and  the 
other  mirror  had  a  100  cm  concave  radius  of  curvature. 
The  mirrors,  spaced  60  cm  apart,  were  aligned  by  colli- 
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B.  Metastables 
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FIG.  4.  Gaidynamic  tfleci  ofhtat  release  caused  by  dissociation  of  FNj. 


mated  radiation  from  a  476  nm  Ar"^  laser,  and  measure¬ 
ments  were  taken  of  both  single  mirror  and  multimode 
cavity  throughputs,  using  calibrated  optical  power  meters 
and  detectors,  to  determine  the  rePectance  and  transmis¬ 
sion  coefficients.  Each  mirror  reflected  99.9%,  in  agree¬ 
ment  with  the  manufacturer’s  specifications,  and  transmit¬ 
ted  ~4  ppm  of  the  incident  radiation.  Therefore  —10  of 
the  incident  radiation  was  diffusely  scattered  due  to  surface 
roughness. 

III.  RESULTS 
A.  Gasdynamic 

The  end  wall  pressures  sensed  by  the  PZT  moniton 
were  significantly  affected  by  the  heat  release,  which  ac¬ 
companied  dissociation  of  the  FN3  molecules.  As  shown  in 
Fig.  4,  with  M~2  and  no  azide  present,  the  end  wall  pres¬ 
sure  jumped  suddenly  upon  reflection  of  the  incident  shock 
(♦)  and  then  held  steady  for  —50  /iS  until  the  rarefaction 
arrived,  after  which  the  pressure  began  to  decay  smoothly. 
With  nominal  FN,  present  in  the  reactor,  the  orompt  jump 
in  pressure  increased  about  20%,  showing  that  some  of  the 
azide  was  dissociated  in  the  immediate  vicinity  of  the 
shock.  This  reaction  was  not  self-sustaining,  however,  be¬ 
cause  subsequently  the  pressure  held  constant.  At  about 
the  same  time  when  pressure  began  to  decrease,  the  pres¬ 
sure  with  FNj  present  increased  again,  until  it  was  more 
than  twice  the  pressure  that  was  originally  maintained 
without  azide  in  the  reactor.  The  temporal  coincidence 
between  arrival  of  the  rarefaction  and  the  onset  of  second¬ 
ary  heat  release  is  only  accidental,  however,  as  it  is  unlikely 
that  the  rarefaction  triggers  any  new  chemistry.  The  rela¬ 
tive  magnitudes  of  the  pressure  differences  therefore  dem¬ 
onstrate  that  a  much  larger  fraction  of  the  FN3  is  con¬ 
sumed  by  the  lelayed  dissociation  reaction  than  by  the 
prompt  chemistry.  Also,  the  delayed  reaction  appears  to  be 
self-sustaining  and  the  heat  release  a  more  gradual  process, 
suggesting  that  chemical  energy  was  temporarily  stored  in 
intermediate  metastable  states. 


With  FN3  present,  and  Bi(CH3)3  replaced  by  He,  the 
faint  chemiluminescence  from  the  shock  tube  was  rose  col¬ 
ored.  and  identical  time  profiles  were  obtained  at  wave¬ 
lengths  of  590,  660,  and  770  nm  using  the  PMT  detector. 
These  wavelengths  correspond  to  the  Au  =  4,  3,  and  2  tran¬ 
sitions,  respectively,  of  the  N2(.fl-/1)  band  system,*^  as 
subsequently  confirmed  by  the  OMA.  The  N2(  B)  chemilu¬ 
minescence  is  most  likely  due  to  energy  pooling^  between 
N2(.4)  metastablcs  that  are  formed  in  the  decomposition  of 
two  or  more  FNj  molecules.  The  mechanism  of  N2(/f) 
formation,  however,  is  uncertain.  The  time  profile  of  the 
emission  consisted  of  two  overlapping  pulses 
with  relatively  sharp  leading  edges  that  were  separated  by 
typically  50  /is.  The  leading  pulse  was  temporally  coinci¬ 
dent  with  the  arrival  and  reflection  of  the  incident  shock, 
while  the  second  or  delayed  pulse  was  coincident  with  the 
onset  of  the  delayed  FN3  dissociation  monitored  by  the 
PZT  signals.  Since  the  intensity  of  the  delayed  pulse  (rel¬ 
ative  to  the  prompt  pulse)  was  optimized  at  lower  Mach 
numbers,  all  subsequent  data  was  therefore  taken  at  A/ —  2. 

The  874  nm  chemiluminescence  was  due  to  a  combi¬ 
nation  of  N2(5-.4,  Au=1)  and  NF(a-Af)  emission.”  By 
comparing  the  874  nm  time  profiles  to  the  Au 

=  2-4)  time  profiles,  the  intensity  of  the  second  or  delayed 
pulse  (at  874  nm)  was  found  to  be  enhanced  relative  to  the 
shorter  wavelength  data.  This  result  indicated  that 
N2(^,5)  was  produced  in  the  prompt  pulse,  while  both 
N2(y4,5)  and  NF(a'A)  were  produced  in  the  delayed 
pulse.  Since  the  NF  emission  is  very  stiougly  forbidden 
compared  to  the  rates  of  Njf/^)  energy  pooling’  or 
N2(B-/4)  emission, ’’  the  concentration  of  NF(a'A)  in  the 
delayed  pulse  was  much  larger  than  the  concentration  of 
N2{/1,5)  in  either  pulse.  This  result  is  consistent  with  lim¬ 
ited  dis.sociation  of  FN3  in  the  prompt  pulse,  as  well  as  the 
much  slower  self-annihilation  rate  of  NF(o'A)  compared 
to  metastable  N2. 

C.  BIF  emission 

Addition  of  BifCHj),  to  the  shock  tube  with  FN3 
present  yielded  intense  blue  chemiluminescence,  with  both 
iniiial  and  delayed  pulses  in  temporal  synchronization  with 
the  N2  and  NF  pulses  described  above.  The  emission  spec¬ 
tra  on  either  the  prompt  or  delayed  pulse  consisted  of 
BiF(/l-A0  bands*  *  ”  from  425  to  475  nm  and  an  atomic 
line”  of  Hi  at  472  nm.  The  Bi-atom  emission  was  enhanced 
relative  to  the  molecular  BiF  chemiluminescence  at  high 
Bi(CH3)3  additions,  and  was  suppressed  at  the  lowest 
Bi(CH3),  mole  fraction.  Moreover,  as  shown  in  Fig.  5,  the 
yield  of  BiF  emission  on  the  prompt  pulse  declined,  while 
the  intensity  of  the  same  emission  on  the  delayed  pulse  was 
enhanced,  as  an  addition  of  Bi(CH3)3  was  increased  by 
warming  the  organometallic  liquid  reservoir.  Post-shock 
Bi(CHj)3  concentrations  in  the  optical  region  of  the  reac¬ 
tor  were  estimated  from  the  known  vapor  pressure  curve 
of  the  organometallic  liquid,  the  measured  temperature 
and  pressure  of  its  surge  tank,  the  data  in  Table  1,  and 
shock  tube  theory'"  anchored  to  PZT  lime  pn  hies.  With 
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FIG.  5.  Effect  of  donor  concentration  on  initial  ( O )  and  delayed  ( X ) 
chemiluminescence. 

[FN3]~  lO'Vcm^  behind  the  reflected  shock,  optimum 
emission  on  the  delayed  pulse  occurred  in  the  vicinity  of 
[Bi(CH3)j]~10'V^m\  assuming  that  none  of  the  donor 
species  was  lost  due  to  prior  reaction  or  dissociation.  The 
simplest  interpretation  of  the  chemiluminescence  data, 
however,  is  that  the  initial  pulse  was  due  to  excitation  of 
active  Bi/BiF,  derived  from  Bi(CH3)3,  by  a  relatively 
small  concentration  of  N2(/4),  while  the  delayed  pulse  was 
due  to  a  much  larger  concentration  of  NF(a'A)  acting  on 
a  significantly  attenuated  concentration  of  Bi/BiF,  due  to 
intervening  reactions  that  consumed  the  active  emitters  be¬ 
tween  the  prompt  and  delayed  pulses.  In  this  case,  increas¬ 
ing  the  donor  concentration  in  effect  “swamps”  the  N2(/l) 
during  the  initial  pulse,  while  the  delayed  pulse  is 
“starved”  for  active  emitters,  consistent  with  the  observed 
trends  in  the  data. 

D.  Cavity  emission 

Figures  6  and  7  compare  the  emission  spectra  and  time 
profiies  (at  470  nm)  from  shock  excitation  of  FN3  and 
Bi(CH3)3,  both  with  and  without  an  opticai  cavity  in¬ 
stalled,  under  the  conditions  that  generated  optimum  de¬ 
layed  BiF(y4-Ar)  chemiluminescence.  As  can  be  seen,  only 
the  delayed  pulse  escapes  from  the  optical  cavity.  This 
result  was  anticipated  on  the  basis  of  the  preceding  analy¬ 
sis,  since  a  small  concentration  of  N2(,4)  acting  on  a  large 
concentration  of  BilCHyly  is  unlikely  to  sustain  a  popula¬ 
tion  inversion.  Therefore,  photons  generated  in  the  prompt 
pulse  (*)  were  reabsorbed  inside  the  optical  cavity  before 
escaping  through  the  maximum  reflectance  dielectric  mir¬ 
rors.  On  the  other  hand,  the  delayed  pulse,  which  is  due  to 
a  much  larger  concentration  of  NF(a'A)  acting  on  a  lean 
concentration  of  emitters,  was  able  to  sustain  a  population 
inversion.  Since  in  this  case  stimulated  emission  occurs 
faster  than  absorption,  the  generated  ''adiation  continues  to 
bounce  back  and  forth  inside  the  optical  cavity  (while  in¬ 
creasing  in  intensity)  until  escaping  at  the  mirrors,  either 
by  transmission  or  surface  scattering.  Based  on  the  mca- 
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FIG.  6  Time  profiles  of  chemiluminescence  (lower)  and  cavity  emission 
(upper). 

sured  mirro."  transmission  and  cavity  output,  the  peak  in- 
tracavily  power  (at  470  nm)  was  approximately  180  mW 
on  the  delayed  pulse.  The  total  stimulated  emission  power 
(due  to  both  mirroi  transmission  and  scatter)  was  there¬ 
fore  approximately  a  third  of  a  milliwatt. 

The  emission  spectra  with  and  without  an  optical  cav¬ 
ity  were  recorded  at  different  resolutions,  as  can  be  seen  by 
comparing  the  Bi-atom  lineshape  in  Fig.  7  to  the  Hg-atom 
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FIG,  7.  Spccira  of  chemiluminescence  (lower)  and  caviiy  emission 
(upper). 
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emission  lincshape  that  was  obtained  from  a  discharge 
lamp  in  place  of  the  cavity  emission.  Within  the  reflectance 
band  of  the  mirrors,  all  the  BiF(/4-A')  bands  in  the  cavity 
output  were  suppressed,  except  the  An  =  3  band.  The  vibra¬ 
tional  transitions  within  this  band,  including  0  —  3,  1—4, 
and  2—5,  are  not  resolved.  The  0  —  3  subband,  however, 
has  a  small  Franck-Condon*  factor  and,  therefore,  a  low 
gain  cross  section.  The  1—4  subband,  on  the  other  hand, 
has  a  larger  gain  cross  section  as  well  as  larger  inversion 
density  than  any  of  the  higher  subbands  in  the  Au=3  se¬ 
quence,  if  the  vibrational  distributions  are  thermal.  There¬ 
fore  the  cavity  output  is  most  likely  derived  from  the 
BiF(/l-A',l-4)  transition,  which,  coincidentally,  is  the 
band  that  demonstrated  optical  amplification  in  prior  gain 
measurements."  The  absence  of  any  significant  emission 
from  the  Au=2  or  An -^4  bauds  in  the  cavity  output  sug¬ 
gests  that  lasing  has  indeed  commenced;  however,  the  ap¬ 
parent  structure  of  the  470  nm  cavity  output  (compared  to 
the  Hg-atom  lineshape)  suggests  that  lasing  may  not  be 
restricted  to  a  single  wavelength.  Therefore  stimulated 
emission  may  also  be  occurring  on  other  Ai-’  =  3  subbands, 
particularly  if  the  vibrational  distributions  in  the  BiF(/4) 
state  are  nonthermal.  Lasing  apparently  does  not  occur  on 
transitions  of  the  BiFCy^-A")  band  system  if  Au  <  3,  because 
the  inversion  relies  on  a  Boltzmann  factor  (associated  with 
the  ground  state  vibrational  distribution)  that  favors 
higher  values  of  Au.  Lasing  is  also  not  seen  for  Au>3, 
because,  as  Au  increases,  the  Franck-Condon  factors  for 
transitions  out  of  u'=0  decrease.  Tlicicfoic,  cither  the  in¬ 
version  densities  or  the  cross  sections  are  diminished  and, 
as  a  result,  there  is  too  little  optical  gain  to  overcome  the 
cavity  loss  at  the  mirrors. 

IV.  DISCUSSION 
A.  Threshold  oscillation 

In  a  puls-ed  low-gain  laser  the  output  may  typically  be 
controlled  by  the  •kinetics  of  cavity  buildup  Fom  initial 
spontaneous  chemilumiaescence  to  the  (10*-10^  W/cm^) 
saturation  intensity^^  that  causes  stimulated  emiission  at 
rates  comparable  to  the  spontaneous  decay.  Typically,  this 
buildup  spans  eight  to  nine  orders  of  magnitude  in  inten¬ 
sity.  If  the  minors  are  lossless  and  the  gain  (y)  is  constant 
from  mirror  to  mirror,  as  well  as  across  the  cavity  aper¬ 
ture,  intracavity  intensity  initially  grows  as  explyc/), 
where  c  is  the  speed  of  light  and  t  is  time.  The  exponential 
trend,  of  course,  is  modified  as  the  laser  begins  to  approach 
saturation.  Based  on  ihe  prior  gain  measurement, 
y~3x  10“Vcin  is  generated"  by  the  reaction  of  FN3  with 
Bi(CHj)3.  This  figure,  however,  must  be  discounted  in  the 
present  experiment  for  mirror  losses  as  well  as  nonconstant 
gain  in  both  the  optical  and  flow  directions.  The  actual 
working  gain  length  in  the  reactor  is  —40  cm  rather  than 
50  cm  because  of  the  tapered  walls  used  to  correct  shock 
curvature.  Con''equently,  gain  only  exists  over  two-thirds 
of  the  distance  from  mirror  to  mTror.  In  the  flow  direction, 
a  delayed  reaction  wave  follows  —50  ps  behind  the  re¬ 
flected  shock  at  a  velocity  of  —0.8  mm//is  and  based  on 
prior  time  resolved  chemiluminescence  studies, the  width 


of  the  reaction  (or  gain)  zone  is  —2  /rs.  The  transit  time 
(r)  of  the  reaction  wave  across  the  1  cm  aperture  is  there¬ 
fore  approximately  12.5  ns  and  the  gain  zone  only  fills 
16%  of  the  working  region  of  the  optical  cavity.  Finally, 
subtracting  the  distributed  0.1%  loss  at  each  mirror  (over 
60  cm)  yields  y—  1.5x  lO^Vcm  for  the  average  gain  over 
threshold  and  exp(yc/)— 850  for  the  expected  cavity 
buildup  ratio.  These  results  are  relatively  insensitive  to 
shock  curvature,  if  the  deviations  from  flatness  are  small 
compared  to  tne  transit  time  of  the  reaction  wave  through 
the  cavity,  because  the  spatially  averaged  gain  is  not  sig¬ 
nificantly  affected  in  this  case.  Since  the  estimated  buildup 
ratio  is  much  less  than  10*,  the  laser  cannot  achieve  satu¬ 
ration  or  extract  power  efficiently.  Increasing  the  value  of  y 
by  roughly  a  factor  of  3  to  4,  however,  would  allow  much 
larger  saturated  outputs  to  be  obtained. 

The  amount  of  light  initially  in  the  cavity  at  the  start  of 
the  buildup  process  can  be  estimated  from  a  number  of 
factors,  including  prior  chemiluminescence  data,^*  which 
gives  (BiF(/<))  — 5x  lO"  cm^,  active  volume  —5  cm^  pho¬ 
ton  energy  =  4.2x  10“ Watts,  BiF(.4)  radiative 
rate  — 7xlOVs,  Franck-Condon  factor*  for  the  1—4 
transition  =0.149,  fraction  of  BiF(/4)  in  the  u'=l  energy 
level  —24%  for  a  thermal  distribution  at  1200  K  with  384 
cm“'  vibrational  spacing,*  fraction  of  the  rotational  lines 
in  the  “center”  of  the  Maxwell-Boltzmann  distribution 
—  5,  probability  of  emission  into  a  cavity  mode  — 2X  10“’ 
(based  on  resonator  theory’*),  and  ca"  y  ^—500.  Multi¬ 
plying  these  factors  yields  appro.ximatcly  0.13  mW,  which 
is  the  intracavity  power  that  can  be  supported  on  lasable 
transitions  in  steady  state  by  the  peak  concentration  of 
3iF(.4),  if  there  is  neither  gain  nor  loss  in  the  medium.  Use 
of  a  steady-stale  estimate  for  the  initial  light  in  the  cavity  is 
valid  because  the  —  2  /iS  photon  lifetime  of  the  empty  res¬ 
onator  is  small  compared  to  the  time  over  which  the  cavity 
builds  up  due  to  the  presence  of  gain.  Multiplying  the  es¬ 
timated  initial  intensity  by  the  estimated  cavity  buildup 
ratio  yields  an  anticipated  intracavity  power  of  —  1 10  mW, 
which  compares  favorably  with  the  observed  value  of  180 
mW.  While  these  results  are  only  approximate,  the  analysis 
shows  that  the  observed  cavity  output  is  of  an  appropriate 
magnitude  for  unsaturated  lasing  or  threshold  oscillation. 

B.  Delayed  avalanche 

Another  interesting  aspect  of  the  shock  tube  chemistry 
is  the  delayed  appearance  of  NF(a' A),  which  has  also  been 
observed  in  prior  experiments,'*  where  FN3  was  dissoci¬ 
ated  by  contact  with  vibrationally  excited  HF  molecules. 
Since  the  BiF(/l)  state  also  tracked  the  NF(a'A)  concen¬ 
tration  in  previous  studies,”  the  data  in  Fig.  6  suggests  that 
delayed  appearance  of  the  inetastables  has  a  .sharp  leading 
edge  characteristic  of  an  avalanche.  A  hypothetical  mech¬ 
anism  that  might  account  for  this  phenomenon  is  based  on 
the  following  four  chemical  reactions: 


A4  FN,-NF(a'A). 

(1) 

NF(a’A)-t-C-A, 

(2) 

Nl-(a'A)  +  NI'((7'A)  —  NjCiiigh  >;), 

(3) 
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N2(v>2)+FN]-NF(a'A). 


(4) 


Here  ^  is  used  to  represent  heat,  ^  is  a  generalized 
quencher,  and  only  the  active  products  arc  shown  in  each 
case.  The  “delay  and  switch”  characteristics  of  the 
NF(a'A)  generator  derive  from  the  nonlinear  coupling 
and  positive  feedback  processes  inherent  to  this  mechanism 
as  follows.  Reaction  (1),  thermal  dissociation  of  FN3,  is 
essentially  a  very  slow  process  that  serves  only  to  initiate 
production  of  NF(a'A).  At  low  inetastable  concentration, 
firstnirder  quenching^’  of  NF(a'A)  by  other  species,  Re¬ 
action  (2),  dominates  over  second-order  self-annihilation, 
reaction  (3).  The  feedback  to  reaction  (1)  is  therefore 
essentially  thermal,  and  hence  subject  to  significant  dilu¬ 
tion  by  the  He  buffer  gas.  Consequently,  reactions  ( 1 )  and 
(2)  do  not  satisfy  the  “loop  gain  greater  than  unity"  cri¬ 
terion,  and  the  NF(a’A)  concentration  builds  up  only  very 
slowly.  Eventually,  as  the  NF(a'A)  concentration  in¬ 
creases,  a  point  is  reached  where  reaction  (3)  begins  to 
compete  with  reaction  (2),  and  the  feedback  then  shifts 
from  a  thermal  to  a  vibrational  mode.  Reaction  (3)  is 
highly  exothermic^*  and  may  yield  Nj  products  in  states  of 
vibrational  excitation  up  to  v~20  that  are  not  diluted  by 
contact  with  He  buffer  gas.  Further,  only  two  vibrational 
quanta  of  N2  are  required  in  reaction  (4)  to  overcome  the 
0.5  eV  barrier’®'^’  to  dissociation  of  the  azide.  Therefore 
each  self-annihilation  event  can  subsequently  generate  sev¬ 
eral  new  molecules  of  NF(a’A).  Consequently,  once  reac¬ 
tion  (3)  is  activated,  the  “loop  gain"  quickly  becomes 
large  compared  to  unify,  and  reactions  (3)  and  (4)  con¬ 
stitute  a  branched  chain  that  drives  swiftly  to  completion. 
This  mechanism,  although  physically  appealing  and  con¬ 
sistent  with  the  data,  must  remain  speculative,  however, 
until  the  products  of  reaction  (3)  are  verified  and  reaction 
(4)  is  studied  in  isolation.  The  rate  of  removal  of  NF(a'A) 
by  reaction  (3)  is  known  to  be  approximately  3x10”'^ 
cm^/s,  based  on  work  by  Setser,^  as  well  as  our  own  prior 
observations,'®  but  the  products  have  not  been  determined 
experimentally. 

Regardless  of  the  mechanism,  the  appearance  of 
NF(a'A)  in  what  amounts  to  a  “delayed  avalanche,” 
nonetheless  aids  the  design  of  continuous  flow  supersonic 
lasers  by  allowing  premixed  chemistry  to  occur  in  conven¬ 
tional  nozzles.  In  this  concept,  secondary  FNj  is  injected 
into  a  hot  flow  of  primary  gas  from  a  precombustor  (or 
heat  exchanger)  just  upstream  of  the  nozzle  throat  to  ini¬ 
tiate  the  dissociation  process.  Donors  such  as  Bi(CH3)j 
can  also  be  injected  at  the  same  point  and  functions,  such 
as  mixing,  donor  chemistry,  and  gas  expansion/cooling  are 
accomplished  in  route  during  the  delay  period.  The  subse¬ 
quent  premixed  lasing  chemistry  is  then  triggered  farther 
downstream  by  the  NF(a'A)  avalanche  in  cold  supersonic 
flow  where  optical  qual  ty  and  gain  cross  sections  are  both 
maximized.  This  concept  is  valuable  because  elimination  of 
slow  mixing  is  critical  in  NF(a'A)  powered  lasers  (such  as 
BiF),  since  large  mctastable  concentrations  that  decay  rap¬ 
idly  due  to  self-annihilation  are  needed  to  support  inver¬ 
sion. 
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C.  Conclusions 

In  summary,  shock  induced  dissociation  of  FN,  yields 
mctastable  NF(o'A)  after  a  50 /xs  delay,  and  weak  lasing 
at  470  nm  has  been  achieved  in  the  shock  initiated  chem¬ 
ical  reaction  between  FN3  and  111(0113)3.  The  principal 
factors  limiting  the  laser  output  were  the  low  gain  coeffi¬ 
cient  and  short  gain  duration,  which  prevented  building  up 
intracavity  intensity  to  saturate  the  inverted  medium. 
These  conditions,  in  turn,  derive  from  rapid  quenching'^'^’ 
associated  with  the  use  of  an  organometallic  donor.  Con¬ 
sequently,  replacement  of  Bi(CH3)3  by  an  altem.-'te  BiF 
precursor  could  improve  both  the  gain  coefficient  as  well  as 
gain  duration,  and  thereby  significantly  increase  power  ex¬ 
traction  efficiency.  Efforts  are  also  underway  to  identify 
higher  gain  emitters'®  and  variations  to  the  shock  tube 
experiment,  which  might  lead  to  much  larger  (saturated) 
outputs.  While  the  rate  of  cavity  buildup  is  not  as  impor¬ 
tant  a  factor  in  continuous  wave  lasers,  there  is  still  a 
critic.il  need  to  replace  Bi(CH3)3  by  a  more  suitable  donor 
to  generate  larger  gain  coefficients  and  promote  more  effi¬ 
cient  utilization  of  NF(a'A),  since,  with  limited  Bif-  con¬ 
centration,  most  of  the  metastabies  are  lost  to  self- 
annihilation  rather  than  the  productive  energy  transfer  and 
lasing  reactions. 
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ABSTRACT 


Gas  phase  reaction  of  B2H^  with  HN3  at  400°C  yields  tetraazidodiborane  (TADB),  which 
subsequently  dissociates  into  two  diazidoborane  molecules.  Exposure  of  TADB  to  vibrationally 
excited  SFg  generates  free  BH  radicals  that  may  be  pumped  by  energy  transfer  from  metastable 
NF(a^A)  molecules,  obtained  by  simultaneous  dissociation  of  FN3.  Even  though  BH  radicals  are 
rapidly  consumed,  the  transient  yields  approach  2%  of  initial  donor  concentration.  The  rate 
constants  for  sequential  excitation  of  the  a^fl  and  Alfl  states  of  BH  by  NF(a'A)  are  estimated  to  be 
~  8  X  10‘*®.'and  ~  3  x  lO'^l  cniVs,  respectively,  and  transient  pc[  '‘U  inversions  with  peak 

optical  gains  of  10%  /cm  are  developed  on  the  BH(A  -  X)  transition  at  ^  nm. 
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INTRODUCTION 


Resonant  electronic  energy  transfer  from  chemically  generated  metastable  species  to 
emitting  atoms  or  molecules  is  the  basis  for  a  number  of  potential  visible  wavelength  chemical  laser 
systems.  Production  of  metastable  02(a*A)  by  the  base-catalyzed  reaction  of  CI2  with  H2O2, 
followed  by  resonant  transfer  to  I-atoms,  produces  an  efficient  laser  at  1315  nm.'  Similarly, 
production^  of  metastable  NF(a*A)  by  dissociation  of  FN3,  followed  by  energy  transfer  to  (and 
energy  pooling  with)  BiF  has  led  to  recent  demonstrations  of  both  optical  gain^  and  unsaturated 
lasing^  at  471  nm.  The  BiF  gain  coefficients  which  have  been  achieved  to  date,  however,  are  still 
quite  small  due  to  rotational/vibrational  dilution  of  the  inversion  density  and  quenching  of  the 
electronically  excited  species^  by  the  organometallic  donor  used  for  in-situ  formation  of  BiF. 
Consequently,  there  has  been  a  strong  motivation  to  identify  alternative  emitting  molecules  for 
which  these  difficulties  can  be  circumvented. 

Metal  hydrides  are  interesting  transfer  partners  for  NF(a'A)  because  of  the  large 
rotational/vibrational  spacings  which  significantly  reduce  the  dilution  factor.  Also,  these  transfer 
partners  are  favored  by  availability  of  volatile  inorganic  precursors  wnich  are  less  likely  to  act  as 
efficient  quenchers.  The  EH  radical,  in  particular,  is  interesting  because  of  a  double  resonance 
between  its  excited  states  and  the  11,442  cm'^  excitation  of  NF(a^A),  which  permits  efficient 
pumping  of  an  allowed  transition  at  433  nm.  Referring  to  Fig.  1,  the  spectroscopic  constants  of  the 
and  A^H  states  of  BH  are  well-known^,  as  is  the  (Abh  “  6  /ps)  radiative  rate^.  Recent 

f 

independent  ab  iiiitio  calculations  by  Michels®  and  Saxon^  have  also  located  the  potential  minimum 
of  the  metastable  intermediate  BH(a^n)  state  at  1 1,(XX)  ±  200  enr  ^  excitation  relative  to  the  X'X+ 
ground  state.  Based  on  these  results,  the  spin-allowed  pumping  reactions 


BH(XlL+)  +  NF(alA) 

BHCa^n)  +  NF(X3z-) 

(1) 

BH(a3n)  +  NF(alA) 

BH(Aln) +  NF(X3i-) 

(2) 
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are  each  shown  to  be  nearly  resonant*®  and  therefore  potentially  able  to  occur  at  gas  kinetic  rates. 
Transfer  between  NF  and  BH  is  also  favored  by  large  thermal  velocities  due  to  a  low  reduced  mass 
factor,  strong  chemical  bonding  forces,  and  minimized  reliance  on  specific  internuclear  motions 
due  to  highly  vertical  potential  energy  surfaces  in  each  of  the  diatomics.®-^-*!  Consequently,  the 
interaction  between  NF(a*A)  and  BH  should  be  faster  than  the  (~  10'**  cm^/s)  rate  of  energy 
trtinsfer  from  NF(b*I'^)  to  the  heavier  IF  molecule,  which  involves  weaker  chemical  forces  and 
greater  dependence  on  internuclear  separation.*^  Also,  the  generally  high  rates  of  BH(A*n) 
electronic  quenching,  measured  by  Douglass  and  Rice,* 3  suggest  that  energy  transfer  processes 
involving  this  species  are  likely  to  be  rapid  as  well. 

The  degeneracy  ratio  for  Reaction  (1)  is  much  larger  than  for  Reaction  (2).  Consequently,  it 
is  anticipated  that  ki  »  k2  and  the  overall  rate  of  BH(A*n)  production  is  therefore  limited  by  k2. 
Inversion  of  the  BH(A  - . Av  =  0)  transitions,  however,  requires  removal  of  the  X*S‘*'  state  at  a 
rate  faster  than  the  radiative  decay  of  the  A*n  state.  Therefore,  with  NF(a'A)  concentrations 
>  10*^ /cm^  obtainable  by  dissociation  of  FN3,  inversion  is  expected  if  ki  approaches  the  gas 
kinetic  limit  In  this  case,  large  gain  coefficients  may  be  generated  on  the  433  nm  (v’  =  0  to  v"  =  0) 
transition,  provided  adequate  concentrations  of  the  BH  radical  and  NF(a*A)  are  cogenerated 
without  inducing  excessive  quenching  of  the  excited  species. 

Since  the  BH  radical  is  highly  energetic  (AHf  =  +  105  kcal/mole),*'*  its  efficient  production 
requires  a  precursor  or  donor  molecule  of  significant  chemical  energy  content,  and  removal  of  the 
BH  radical' by  highly  exothermic  chemical  reactions  is  likely  to  occur  rapidly.  Consequently, 
dissociation  of  the  donor  molecules  must  be  done  both  in  situ  and  in  temporal  synchronization 
with  production  of  the  metastables.  The  donor  must  therefore  be  capable  of  coexisting  with  FN3 
(in  a  premixed  state)  for  periods  long  enough  to  transport  the  gases  through  a  suitable  reactor.  In 
this  paper,  we  report  our  observations  on  the  synthesis  of  an  improved  donor  molecule, 
tetraazidodiborane,  and  the  kinetics  of  its  dissociation  into  BH  as  well  as  the  subsequent  interaction 
of  BH  with  vibrationally  excited  SF6  and  metastable  NF(a*A). 
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EXPERIMENTAL 


As  in  previous  experiments^^,  gaseous  HN3  was  generated  in  batch  mode  by  the  reaction 
of  powdered  NaN-?  with  excess  stearic  acid  between  100-120  °C.  The  azide  product  was  diluted  to 
5%  in  He  and  stored  in  a  stainless  steel  tank  for  later  use.  Gaseous  FN3  (~3%  in  He)  was  then 
generated  on-line  at  25^C  and  350  Torr  total  pressure  by  titrating  the  HN3/He  flow  with  a 
secondary  flow  of  10%  F2  in  He  from  a  commercially  available  gas  cylinder.  The  FN3  flow  was 
expanded  across  a  pinhole  orifice  and  mixed  with  continuous  flows  of  SF6  and  donor  molecules 
(diluted  in  He)  at  a  system  pressure  of  100  Torr.  The  combined  flows  were  directed  via  teflon 
tubing  to  a  windowed  stainless  steel  reaction  cell  where  the  gas  stream  was  excited  at  the  rate  of 
0.5  pps  by  (0.5  -  2.0  Joule)  pulses  of  10.6  p  radiation  from  a  C02yTEA  laser.  The  beam  was 
softly  focused  to  a  1cm  x  1cm  cross  sectional  area  at  the  center  of  the  reaction  cell,  which 
exhausted  continuously  to  vacuum.  Within  the  reactor,  SF6  molecules  become  'dbrationally  .,‘xcited 
(after  absorption  of  laser  photons)  and  contribute  to  subsequent  dissociation  of  both  FN3  and 
donor  molecules  by  energy  transfer.  The  CO2  laser  was  operated  at  constant  output  energy,  I  ut  the 
beam  was  attenuated  by  passage  through  a  variate  pressure  SF^  absorption  cell  before  entering 
and  exiting  the  reactor  through  NaCl  windows,  and  terminating  on  a  pulse  calorimeter.  The 
intensity  time  profile  of  the  laser  was  also  monitored  by  a  fast  Ge  detector. 

The  donor  molecules  were  formed  on-line  by  continuously  passing  a  mixture  of  HN3  and 
B2H6,  both  diluted  in  inert  gas,  through  a  4(X)°C  capillary  oven  (residence  time  ~  10  ms)  that  was 
closely  coupled  to  the  subsequent  reaction  cell.  The  rapidly  cooled  effluent  from  the  capillary  oven 
could  also  be  diverted  to  a  low  residence  time  (10  cm  long)  absorption  cell  with  NaCl  windows 
that  was  positioned  inside  an  FT-IR  instrument  for  analysis  of  the  product  stream.  Typical 
(unreacted)  mole  fractions  in  the  reactor  were  0.7%  FN3,  4.5%  SFe,  0.06%  B2H6,  0.25%  HN3 
and  balance  inert  gas,  approximately  half  of  which  was  used  to  purge  the  windows.  All  gas  flow’s 
were  electronically  measured  and  controlled,  and  previous  work^  revealed  that  peak  lNF(a-A)i  is 
~70%  of  the  initial  FN3  concentration  within  1-2  ps  following  the  laser  pulse,  after  which  the 
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metastable  dtcuy  is  dominated  by  self-annihilation*^  at  a  rate  of  approximately  3  x  10'*^  cm^/s. 

Chemilominescence  from  the  reactor  was  monitored  at  874  nm  to  track  the  NF(a*A) 
produced  by  CO2  laser  excitation  of  the  5^6/  /  inct  gas  mixture.  The  gas  flow,  laser  beam 

and  direction  of  optical  detection  were  along  three  mutually  orthogonal  axes  passing  through  the 
center  of  the  reactor.  The  chemiluminescence  was  transmitted  through  an  interference  filter  and 
detected  by  a  silicon  photodiode.  When  a  donor  species  was  added  to  the  flow,  BH(A  -  X) 
emission  at  433  nm  was  similarly  monitored  using  a  second  interference  filter  and  either  the 
photodiode  or  a  1P28  photomultiplier  tube  (PMT).  A  spectrometer  was  also  employed  to  ensure 
that  no  overlapping  emissions  from  other  species  occurred  within  the  bandwidth  of  either  filter. 
The  wavelength  dependence  of  the  silicon  photodiode’s  quantum  efficiency  was  provided  by  the 
manufacturer  (EG  &  G),  and  the  detector  was  mounted  on  a  rigid  stand  which  maintained  its 
spatial  relationship  to  the  reacting  (emitting)  volume  to  insure  reproducibility  and  comparability  of 
the  data.  Since  both  the  NF(a  -  X)  ana  cH(A  -  X)  emission  bands  are  confined  to  very  narrow 
spectroscopic  regions, *0  the  transmission  factors  for  the  corresponding  filters  were  easily 
determined  by  use  of  a  commercial  spectrophotometer. 

Light  from  a  resonance  lamp*^  was  also  focussed  into  the  reacti'ig  volume  and  re-imaged  at 
the  PMT  detector  which  was  filtered  to  respond  to  the  BHf  A  -  X)  emission.  The  -  5  cm  long  by 
1  cm  ID  lamp  was  energized  by  applying  a  pulsed  disc’iarge  to  10  Torr  of  70%  Ne  and  30%  He 
gas  that  was  passed  through  a  column  of  Si02  and  dOv.H!'orane  (Bio  H14)  at  ambient  temperature. 
Two  electrical  drivers  for  the  lamp  were  available.  I  h-e  first  produced  a  constant  current  (5  ampere) 
hollow-cathode  discharge  of  150  pis  duration,  that  was  electronically  initiated  approximately  100 
pis  in  advance  of  the  CO2  laser.  Therefore,  during  the  time  of  reaction  following  the  laser  pulse,  the 
lamp  intensity  was  essentially  constant.  A  second,  much  more  intense  lamp  driver,  produced  an 
approximately  square  (135  ampere  /  15  pis)  pulsed  coaxial  discharge  which  could  also  be 
synchronized  with  the  chemiluminescence  from  the  reactor.  The  operation  of  each  lamp  was 
stabilized  by  drawing  a  continuous  current  of  ~  1  ma,  cither  between  the  main  electrodes  in  the 
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hollow  cathode  lamp  or  between  the  cathode  and  a  secondary  pin  anode  in  the  coaxial  lamp.  To 
separate  the  433  nm  chemiluminescence  (originating  in  the  reactor)  from  the  probing  433  nm 
radiation  (originating  in  the  lamp),  data  from  the  PMT  was  electronically  directed  to  Channel  A  on 
even  numbered  shots  (Channel  B  grounded)  and  to  Channel  B  on  odd  numbered  shots  (Channel  A 
grounded).  The  lamp  was  then  fired  on  even  numbered  shots  only,  and  data  corresponding  io 
Channel  A  minus  Channel  B  was  averaged  in  the  oscilloscope  over  a  large  (even)  number  of  laser 
pulses  so  that  the  chemiluminescence  contribution  was  cancelled.  The  amplifier  gains  on  Channels 
A  and  B  were  carefully  balanced  to  within  1%  and  care  was  taken  to  ensure  that  neither  channel 
was  saturated.  Consequently,  the  lamp  diagnostic  was  sensitive  to  the  difference  in  (degeneracy 
weighted)  populations  between  the  A'n  and  states  of  BH. 

THEORETICAL 

Wiberg  and  Michaud^^  have  shown  that  HN3  and  B2H6  react  in  ether  by  abstracting  H2  to 
form  azidobontnes.  The  corresponding  gas  phase  reaction  could  therefore  proceed  as 

(graphic  A)  (3) 

provided  the  reaction  products  are  stable.  Ab  initio  calculations^^  were  performed  to  explore  the 
possible  existence  and  stability  of  the  tetraazideJiborane  (TADB)  structure  suggested  in 
Reaction  (3).  Our  calculations  indicate  the  likely  existence  of  a  vibrationally  stable  D2  structure  for 
TADB.  The  RHF/6-31G*  optimized  geometry  for  TADB  is  shown  in  Table  1,  and  the  calculated 
vibrational  frequencies  and  intensities,  which  can  be  used  to  chaiacterize  experimental  absorption 
bands,  arc  given  in  Table  2.  SCF  calculations  are  well-known  to  yield  vibrational  frequencies 
which  are  overestimated.  The  frequencies  listed  in  Table  2  should  therefore  be  multiplied  by  a 
uniform  scaling  factor  of  0.8929  for  comparison  with  experimental  data.  Tliis  correction  is  most 
accurate  for  the  high  frequency  bands  where  a  variance  of  5-10%  is  anticipated.  Also,  at  this  level 
of  calculation,  the  intensity  results  are  qualitative  at  best.  The  results  obtained  are,  nonetheless, 
adequate  for  identification  of  product  molecules.  Calculated  heats  of  reaction  and  heats  of 
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formation  are  reported  in  Table  3.  Thes'  data  include  scaled  vibrational  zero-point  corrections 
obtained  from  calculated  vibrational  frequencies.  The  MP2/6-31-t-G*//RHF/6-31G*  heat  of 
formation  for  TADB,  given  in  Table  3,  indicates  that  Reaction  (3)  is  exothermic  by 
73.2  kcal/mole.  In  a  fashion  similar  to  B2H6,  the  TADB  molecule  can  also  dissociate  upon 
heating,  yielding  diozidoborane  (DAB): 

(graphic  B)  (4) 

Ab  initio  calculations  c^'DAB  indicate  a  vibrationally  stable  C2v  structure  as  shown  in  Tables  1  and 
2.  The  calculated  energies  in  Table  3  indicate  that  Reaction  (4)  is  exothermic  by  about 

9.8  kcal/mole. 

The  above  findings  suggest  that  TADB  is  a  potential  (nascent)  product  of  reacting  gaseous 
HN3  with  B2H6.  Since  TADB  is  thermodynamically  unstable  with  respect  to  dissociation  into  DAB 
molecules,  it  is  not  expected  to  persist  for  long  periods,  except  pos.sibly  at  cryogenic  temperatures. 
Therefore,  reaction  time  and  temperature  may  be  critical  factors  influencing  the  )ield  of  TADB. 

Similar  to  the  halogen  azides,  DAB  can  eliminate  a  terminal  N2  group.  At  the  RHF/6-31G* 
level  of  theory,  the  reaction 

(graphic  C)  (5) 

has  a  barrier  of  17.9  kcal/mole,  slightly  greater  than  the  13.6  kcal/mole  (expt)  and 

10.8  kcal/mole  (calc)  valueG^-l*  found  for  FN3.  The  molecular  fragments  resulting  from  DAB, 
upon  N2  elimination,  may  then  undergo  a  conformational  change  by  migration  of  the  ione  N-atom 
away  from  the  azide  group,  ai.d  iiisenion  into  the  H-B  bond  to  form  planar  HNBN3.  Calculations 
at  the  RHr/6-3lG*  level  of  theory,  shown  in  Tables  1  and  2,  indicate  that  this  compound  is 
vibrationally  stable.  The  overall  reaction  (DAB  HNBN3  t-  N2)  is  exothermic  by  41.1  kcal/mole, 
as  calculated  from  the  data  in  Table  3.  Once  formed,  the  HNBN7  nolecule  is  not  expected  to  yield 
a  significant  quantity  of  BH  radicals  upon  further  fragmentation. 
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RESULTS 


Donor  Chemistry 

On-line  mixing  of  HN3  and  B2H6,  upstream  of  the  capillary  oven  and  FT-IR  absorption 
cell,  revealed  no  reaction  at  ambient  temperature  as  shown  by  the  upper  trace  in  Fig.  2,  where  the 
observed  bands  are  all  assignable  to  reactants. The  middle  trace  was  obtained  with  HN3  in 
excess  and  the  oven  temperature  at  400°C.  Rapid  cooling  of  the  gas  (from  the  capillary  oven)  as 
well  as  fast  transport  through  the  FT-IR  cell  was  necessary  to  record  this  data,  which  shows  that 
B2H6  has  reacted  completely  and  the  intermediate  product  is  lacking  a  vibration  at  ~  2600  cm**. 
This  frequency  can  be  assigned  to  a  free  B-H  stretch  by  analogy  to  the  corresponding  modes^b22 
in  HBF2  (2619  cm'*),  HBCI2  (2625  cm'*)  and  HBBr2  (2600  cm'*).  The  dihaloboranes  are 
comparable  to  azidoboranes,  since  the  N3  radical  is  a  pseudo-halogen.  The  lower  trace  in  Fig.  2 
was  obtained  by  continued  heating  of  the  intermediate  product  at  400°C  in  a  second  oven  of  much 
longer  residence  time.  This  final  product  is  characterized  by  a  B-H  stretch,  and  the  major 
absorption  bands  are  reasonably  correlated  with  the  frequencies  of  the  four  strongest  bands  of 
DAB,  as  shown  in  Table  2.  A  static  charge  of  DAB  was  trapped  in  the  FT-IR  cell  (at  ambient 
tempcratuie)  and  its  decay  was  monitored  over  the  course  of  a  day.  The  measured  attenuation  (~5% 
/'hr)  was  in  fair  agreement  with  the  analogous  decay  of  CIN3,  which  has  a  similar  barrier  to 
dissoctation.*^ 

The  intermediate  product,  obtained  by  reaction  of  HN3  and  B2H6,  is  thought  to  be  TADB 
based  on  its  decomposition  into  DAB,  as  well  as  the  lack  of  a  free  B-H  stretch  in  the  corresponding 
FT-IR  data.  Since  the  two  H-atoms  in  TADB  are  bridge  bonded,  as  in  B2H^,  this  donor  molecule 
does  not  show  a  characteristic  absorption  at  -2600  cm'*.  Our  theoretical  investigation  also 
demonstrated  that  both  DAB  and  TADB  are  sufficiently  energetic  to  yield  BH  -i-  N2  products. 
Consequently,  these  donors  are  preferable  to  B2H6.  at  least  on  the  basis  of  thermodynamics.  The 
bridge  bonds  in  TADB,  however,  are  likely  to  increase  the  kinetic  probability  of  azide-azide 
annihilation  (leading  to  BH  +  N2  fragments)  relative  to  DAB,  by  hindering  the  migration  process 
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which  allows  formation  of  non-productive  HNBN3  molecules. 

To  evaluate  these  potential  donors,  equimolar  concentrations  of  DAB,  TADB  ana  unrcacted 
B2H6  were  each  separately  mixed  with  SF6/  FN3/  inert  gas  and  exposed  to  pulsed  C'02  laser 
radiation,  while  monitoring  production  of  BH(A  -  X)  chemiluminescence.  As  expected,  the  yields 
of  Bli(Aln)  from  B2H6  and  DAB  were  comparable,  while  the  yield  of  BH(A*n)  from  TADB  was 
enhanced  by  nearly  an  order  of  magnitude  under  optimized  conditions,  which  corresponded  to  a 
stoichiometry  of  approximately  4  pans  HN3  to  1  part  B2H6  into  the  heated  capillary  oven. 
Therefore,  with  the  exception  of  the  gain  measurements,  all  subsequent  experiments  were 
performed  using  the  intermediate  (short-time)  product  of  the  thermally  activated  reaction  of  HN3 
with  B2H6  as  the  donor  of  choice. 

Reaction  Mechanism 

Figure  3  shows  data  collected  using  the  (constant  intensity)  lamp  diagnostic  with  inert  gas, 
SFb  and  TADB  only  in  the  reactor.  All  three  traces  show  an  electrical  noise  spike  at  time  zero  from 
the  CO2  laser  discharge,  and  the  electronic  signal  processing  for  each  of  the  traces  was  identical. 
The  lower  trace,  however,  was  collected  with  the  lamp  blocked  (to  test  the  chemiluminescence 
cancellation)  while  the  uppermost  trace  was  collected  with  the  laser  blocked  (to  test  constancy  of 
the  lamp  output).  The  peak  intensity  of  the  uncancellcd  BH(A  -  X)  chemiluminescence  (not  shown 
in  Fig.  3),  due  to  weak  transfer  from  vibrationally  excited  SFg  molecules,  was  about  25%  of  the 
lamp  signal.  The  intermediate  trace  in  Fig.  3  therefore  reflects  absorption  of  lamp  radiation  by 

r 

ground  state  BH(XlZ''')  radicals.  This  signal  also  approximately  measures  the  total  concentration 
of  BH  radicals,  since  (in  the  absence  of  FN3)  no  NF(a*  A)  is  formed,  and  we  may  therefore  assume 
the  concentration  of  both  BHfa^n)  and  BH(A'n)  to  be  negligible.  The  rise  a^'d  fall  times  of  the 
BH(Xl£'*')  concentration  are  apr  aximately  0.3  and  2.2  ps,  respectively,  and  the  peak  yield  of 
BH(Xl51''')  was  estimated  at  approximately  2%  cf  the  B2H6  used  to  generate  the  TADB.  This  result 
is  based  on  an  active  1  cm  optical  path  length  and  an  averaged  cross  section  of  ~  3  x  10'^'^  cm^-, 
which  assumes  the  lamp  and  reaction  cell  are  each  characterized  by  rotational/translational 
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temperatures  of  6(X)°C.  Since  these  temperatures  tme  uncertain  within  a  factor  of  two,  the  estimated 
yield  may  in  fact  vary  between  50  and  200%  of  the  quoted  value.  The  vibrational  temperatures 
produced  by  CO2  laser  excitation  of  SF6  are  higher;^^  however,  the  error  due  to  population  of 
v'  >  0  levels  in  the  A*n  state  is  small  due  to  the  large  (2367  cm'*)  vibrational  spacing^-*0  of  the 
BH  radical,  as  confirmed  by  measuring  relative  intensities  of  the  0-0  and  1-1  bands.  Finally,  since 
heating  of  B2H6  catalyzes  formation  of  higher  weight  boranes^^  and  the  TADB  mr.y  precipitate  out 
of  the  flow  due  to  polymerization  (a  white  deposit  forms  between  the  oven  and  reactor),  the  quoted 
yield  figure  is  actually  a  lower  limit  for  the  concentration  ratio  of  peak  BK  to  active  TADB  in  the 
flow. 

The  rates  of  rise  and  fall  of  the  BH(X*I+)  time  profile  correspond  to  the  time  constants  for 
dissociation  of  the  TADB  and  subsequent  removal  of  the  BH  radials.  The  data  in  Fig.  3  alone, 
however,  do  not  determine  which  process  conesponds  to  the  rise  and  which  to  the  fall  of  the 
BH(X*I''')  lime  profile,  except  that  the  faster  of  the  two  determines  the  rate  of  rise  and  the  slower 
the  rate  of  fall.  This  uncertainty  can  be  resolved  in  two  ways.  First,  by  comparing  the  laser 
intensity  and  BH(X*I'‘’)  time  profiles  in  the  absence  of  FN3,  as  given  in  Fig.  4(a),  it  is  found  that 
both  decays  occur  on  a  similar  time  scale.  This  result  suggests  that  BH(X*£''')  is  destroyed  more 
rapidly  than  it  is  generated,  so  that  a  steady-state  relationship  between  [BH(X*Z''')]  and  the  laser- 
driven  rate  of  formation  is  established.  In  this  case,  the  rate  of  rise  of  BH(X *£■*■)  is  linked  to  the 
time  constant  for  removal,  while  the  rate  of  fall  reflects  the  time  constant  for  dissociation  of  TADB, 
as  influenced  by  the  time  profile  of  the  CO2  laser  intensity.  This  assignment  can  be  further  verified, 

f 

as  shown  in  Fig.  4(b),  which  compares  two  [BH(X*Z‘'’)]  time  profiles  (still  in  the  absence  of  FN3) 
at  different  CO2  laser  energies.  Here,  the  rate  of  dissociation  of  the  donor  is  altered  significantly 
(via  the  laser  intensity)  while  the  rate  of  BH(X*]C''')  removal  remains  approximately  fixed.  Since 
the  time  profiles  show  a  near-constant  rise  time,  but  widely-varied  decay  rates,  the  above 
assignment  is  proved  to  be  correct.  Also,  as  expected  in  the  steady  state  limit,  increasing  laser 
intensity  enhances  the  yield  of  vibrationally  excited  SF6,  and  therefore  also  the  rate  of  donor 
dissociation  as  well  as  the  peak  yield  of  BH(X*X'‘').  If,  on  the  other  hand,  the  rate  of  rise  were  due 
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to  the  formation  step,  the  yield  of  BH  radicals  would  saturate,  and  become  nearly  independent  of 
laser  power,  since  dissociation  of  the  donor  would  complete  before  significant  loss  due  to  the 
slower  removal  process.  The  data  in  Figs.  3  and  4,  therefore,  establish  that  BH(X*Z+)  is 
consumed  approximately  seven  times  faster  than  it  is  generated.  Consequently,  if  the  removal 
process  were  eliminated,  the  concentration  yield  of  BH(X*Z+)  would  rise  from  >.  2%  to  match  that 
actual  branching  ratio  from  TADB  to  BHfX'Z'*'),  which  is  >.  14% 

Since  the  densities  of  boron-containing  molecules  and  F-atoms  (from  multiphoton 
dissociation^^"^^  of  the  SFe)  are  too  low  to  account  for  the  observed  fast  removal  process,  even  at 
gas  kinetic  rates,  it  follows  (by  elimination)  that  SFg  molecules  are  responsible  for  consuming  the 
BH  radicals.  A  likely  mechanism  for  this  reaction  is  abstraction  of  F-atoms,  which  are  more  tightly 
bonded  to  boron  than  sulfur.''^  Measurements  by  Rice,^^  however,  indicate  a  low  rate  of  reaction 
between  BH  and  SFe  at  300°K.  Consequently,  the  high  temperatures  and  vibrational  excitations 
(associated  with  CO2  laser  pumping )  appear  to  play  a  role  in  surmounting  an  activation  barrier  f 
the  removal  process. 

Figure  5(a)  shows  the  time  profile  of  NF(a'A)  in  the  absence  of  any  BH  donor,  and 
Fig.  5(b)  compares  the  time  profiles  of  BH(A^n)  with  FN3  present  and  two  different 
concentrations  of  TADB  donor.  Note  that  the  BH(Aln)  signal  decays  more  rapidly  than  the 
NF(a*A)  time  profile.  This  difference  is  due  to  removal  of  BH  radicals  discussed  above,  as  well  as 
to  possible  removal  of  NF(a'A)  catalyzed  by  addition  of  the  donor.  Since  the  BH(A'n) 
concentration  scales  in  proportion  to  the  donor  concentration  and  neither  the  rate  of  rise  nor  the  rate 
of  fall  are  affected  when  the  donor  concentration  is  altered,  it  follows  that  varying  the  concenuation 
of  TADB  (under  diese  conditions)  does  not  appreciably  change  either  the  peak  yield  of  BH(XlL+) 
per  donor  molecule  or  the  NF(a*A)  time  profile.  Therefore,  significant  removal  of  BH(Xl£'*’)  by 
boron-containing  molecules  is  ruled  out  (as  expected),  and  the  donor  molecule  as  well  as  its 
byproducts  do  not  appear  to  be  highly  efficient  quenchers  of  NF(a*  A). 
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Figure  6  compares  the  measured  time  profile  of  BH(A'n),  with  FN3  present,  to  the 
calculated  product  of  the  BH(XlX+)  and  NF(a*A)  time  profiles,  from  Figs.  3  and  5,  respectively. 
Since  BH(Aln)  decays  radiatively  in  160  ns,  its  concentration  is  in  steady-state  with  its 
precursors,  namely  BH(Xil+)  and  NF(a'A),  on  longer  time  scales.  Therefore,  the  measured 
BH(Aln)  time  profile  should  proportionately  track  the  calculated-product  time  profile,  unless  NF 
either  removes  BH(XlZ+)  chemically,  or  NF(a*A)  assists  the  dissociation  of  TADB.  Since  the 
actual  yield  of  BH(A*n)  exceeds  the  calculated  yield  at  long  times,  NF(a'A)  aids  dissociation  of 
the  donor,  although  this  secondary  effect  is  of  little  consequence  at  early  times.  Chemical  removal 
of  BH  by  NF  apparently  does  not  proceed  at  a  significant  rate  because  the  potential  reactions  are 
either  four-centered  (to  form  BN  +  HF),  tri-molecular  (to  form  FNBH),  or  endothermic  (to  form 
atomic  triatomic  products).''^ 

Pump  Rate 

When  FN3  was  admitted  to  the  reaction  cell,  in  addition  to  TADB  and  SF6,  the  yield  of 
BH(AMI)  increased  by  approximately  two  orders  of  magnitude.  Heating  of  the  FN3  flow  to 
~  1(X)°C,  in  route  between  the  generator  and  the  point  of  SFs/donor  addition,  also  eliminated  this 
BH(A-X)  chemiluminescence.  Since  the  azide  is  thermally  decomposed  to  N2F2  and  N2  under 
these  conditions,28  the  anticipated  role  of  NF(a^A)  as  a  pumping  species  is  verified  and  other 
ground-state  chemiluminescence  mechanisms  are  ruled  out.  The  rate  constant  k2  may  therefore  be 
extracted  from  the  data  shown  in  Fig.  6  by  combining  tlie  steady  state  reladon 

f 

k2  [NF(alA)]  [BH]  ~  Abh  [BH(Ain)l  (6) 

at  early  time  with  the  intensity  relations 

Sbh  =  C  Fbh  Dbh  Gbh  Abh  [BH(A*rT)]  (7) 

Snf  =  C  Fnf  Dnf  Gbh  Ant.-  [NF(alA))  (8) 
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to  yield  the  expression 


(H  (^1  (^1  (P®) 

[BHJ  vSnf/  \F3h/  \Dbh/  'Gbh' 

where  Sbh/Snf  is  the  recorded  emission  signal  ratio  at  433  and  874  nm,  and  the  tcnns  F,  D  and  G 
arc  the  corresponding  filter  transmission,  detector  quantum  yield  and  electronic  amplification  (gain) 
factors,  respectively.  As  used  here,  C  is  a  common  geometric  collection  facto:  and  [BH]  represents 
the  total  concentration  of  boron  hydride  radicals,  since  with  kj  »  k2  the  majority  of  the  population 
will  be  in  the  a^FI  state  when  high  densities  of  NF(a*A)  are  present.  Also,  quenching  of  the  Alfl 
state  is  ignored  in  this  analysis  due  to  its  fast  radiative  decay.  Using  A^f  =  0.2  /s  for  the  radiative 
rate  of  the  NF(a-  X)  transition,^^  and  peak  [BH]  from  the  absorption  measurement,  Equation  (9) 
yields  k2  ~  3  x  10*1'  cm^/s. 

Population  Inversion 

Due  to  the  high  yield  of  BH(A  -  X)  emission  that  was  achieved  with  FN3  present  in  the 
reactor,  the  constant  intensity  lamp  diagnostic  could  not  be  used  to  monitor  transmission  at  433  nm 
because  the  probing  radiation  was  swamped  by  intense  chemiluminescence.  Therefore,  the  high 
intensity  coaxial  lamp  was  employed  to  monitor  the  reacting  medium,  using  an  (OD  =  2)  neutral 
density  filter  in  series  with  the  interference  filter  to  prevent  detector  saturation.  Since  small 
differences  in  signal  intensity  were  critical  in  these  experiments,  the  data  was  collected  in  128  shot 
averages  to  suppress  statistical  fluctuation,  and  unreacted  B2H6  was  used  as  the  donor  in  place  of 
the  more  efficient  TADB  precursor  to  suppress  instabilities  in  the  reactor  arising  from  growth  of 
polymer  films.  No  significant  reaction  between  FN3  and  B2H6  (prior  to  the  laser  pulse)  was 
evident  under  the  condidons  of  the  experiment,  and  the  reduced  donor  efficiency  could  be  partially 
compensated  by  approximately  tripling  the  concentration  of  B2H6  that  was  added  to  the  reactor 
flow,  since  the  B2H6  did  not  quench  the  NFfa' A)  appreciably. 

Hie  upper/dashed  trace  in  Fig.  7  shows  the  time  profile  of  the  lamp  intensity  as  measured 
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by  the  difference  between  Channels  A  and  B  with  the  laser  beam  blocked  from  entering  the  reactor. 
The  lowcr/dashed  trace  is  the  uncanceled  chemiluminescence  from  the  reactor  (Channel  B  only) 
and  the  lower/solid  dace  is  the  canceled  chemiluminescence  signal  (Channel  A  minus  Channel  B) 
taken  under  identical  conditions  with  the  lamp  optically  blocked.  The  upper/solid  trace  in  Fig.  7  is 
the  data  collected  (Channel  A  minus  Channel  B)  with  both  the  lamp  and  laser  coupled  into  t!  ; 
reaction  cell  and,  as  previously,  all  traces  show  electrical  noise  spikes  at  time  zero  due  to  the  CO2 
laser  discharge.  These  data  demonstrate  positive  optical  gains  of  up  to  ~  10%  /cm  for  the  first 
~  1.5  lis  of  the  chemiluminescence  pulse,  since  the  monitored  signal  (with  both  the  lamp  and  laser 
active)  exceeds  the  intensity  of  the  lamp  signal  alone  by  a  margin  that  is  too  wide  to  explain  by 
either  fluctuations  in  the  data  or  by  imbalance  of  the  chemiluminescence  signals  in  Channels  A  and 
B  of  the  oscilloscope.  At  longer  times,  the  medium  regains  transparency  due  to  the  removal  of  BH 
radicals,  as  expected.  The  data  were  reproducible,  and  the  appearance  of  transient  opti^^al  gain  was 
eliminated  when  FN3  was  not  admitted  to  the  reactor.  Consequently,  an  absolute  population 
inversion  of  the  BH(A  -  X)  transition  was  obtained;  and  the  system  will  likely  operate  as  a  laser. 
These  results  are  significant  because  the  optical  gain  coefficient  generated  by  the  NF/BH  system  is 
large  in  comparison  to  the  (~  3  x  lO*^  /cm)  gain  factor  that  was  obtained^  by  interaction  of  NF(a*  A) 
with  PiF, 

DISCUSSION 

A  simple  model  of  the  NF/BH  transfer-pooling  system  is  based  on  the  following  three 
phy  sical  approximations.  First,  since  the  removal  rate  of  BH  is  slower  than  the  radiative  rate,  total 
BH  concentration  at  the  chemiluminescence  peak  is  unaffected  by  the  presence  of  NF(a^A),  which 
serves  only  to  alter  the  distribution  between  the  a^H  and  A'n  states.  Second,  neither 

BH(a^n)  nor  BH(A'n)  are  quenched  significantly,  because  the  former  is  metastable  (low 
quenching  cross  section)  and  the  latter  decays  optically  at  a  very  high  rate.  Consequently,  the  BH 
kinetics  are  dominated  by  the  radiative  decay  and  interaction  with  NF(a'A).  Pumping  of  NF(X^£') 
by  either  the  a^O  or  A^Fl  states  of  BH,  the  reverse  of  Reactions  (1)  and  (2),  are  negligible  due  to 
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the  fast  removal^®  of  NF(X^I’),  as  well  as  the  fast  radiative  decay  of  BH(Aln)  and  the  9  to  1 
degeneracy  ratio  of  Reaction  (1)  which  strongly  favors  production  of  BH(a^n)  over  NF(a'A). 
Third,  steady-state  relations  apply  to  all  three  BH  states  at  the  peak  of  the  chemiluminescence  time 
profile.  The  BHCA^n)  concentration  is  in  steady-state  (by  definition),  and  since  this  state  follows 
the  product  of  the  BH(a^n)  concentration,  and  a  more  slowly  varying  NF(alA)  time  profile,  the 
a^n  state  is  also  approximately  peaked.  Finally,  applying  conservation  of  total  BH  density,  it 
follows  that  the  X'L'*'  ground  state  is  simultaneously  minimized.  Consequently,  at  the  peak  of  the 
chemiluminescence  time  profile  the  energy  transfer  system  is  governed  by  the  relations 

[BH]  =  [BH(XlZ*)]  +  [BH(a3n)l  +  [BH(A>n)]  (10) 

and 

Abh  [BH(Aln)]  =  ki  [NF(alA)][BH(X>I+)]  =  k2  [NF(alA)][BH(a3n)].  (1 1) 

It  is  useful  to  define  an  inversion  parameter 

y  =  {[BH(Aln)]  -2  [BH(Xll+)l)  /  [BH]  (12) 

where  the  factor  of  two  accounts  for  the  different  degeneracies  of  the  upper  and  lower  slates  of  the 
potential  BH(A  -  X)  laser  transition.  Solving  equations  (10  -  12)  simultaneously  yields 

kl/h2=(2  +  y)/(x-y(l +x))  (13) 

where 

X  =  k2  [NF(alA)]  /  Abh.  (14) 

The  above  relations  are  essentially  an  “equation  of  state”  for  the  NF/BH  system  which  relates  the 
metastable  concentration  to  the  unsaturated  optical  transmission  properties  (at  433nm)  through  the 
dimensionless  parameters  x  and  y,  respectively.  From  the  prior  intensity  data 
(k2-  3  x  lO'Jl  cm3/s,  [NF(a^A)]  ~  1.5  x  10'^ /cm^)  and  Abh  ~  6  x  10^ /s,  the  value  of  x  is 
small  compared  to  unity.  Without  use  of  this  approximation,  however,  one  may  still  require  y  >  0 
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for  positive  gain  in  Equations  (13)  and  (14),  which  yields 

ki  [NF(alA)]  >  2  Abh  (15) 

after  suitable  algebraic  manipulations.  Equation  (15)  is  the  condition  for  inversion  to  occur  at  the 
peak  of  the  BH(A*n)  time  profile  and  may  be  employed  to  evaluate  ki  as  >  8  x  lO'^^cm^/s, 
given  the  data  above.  The  corresponding  cross  section  (~  100  A^)  is  consistent  with  the  very 
favorable  dynamics  of  the  energy  transfer  process  as  detailed  in  the  introduction. 

(CONCLUSIONS 

The  rate  constants  for  excitation  of  BH  by  energy  transfer  from  NF(a'A)  are  conducive  to 
formation  of  a  population  inversion  with  high  optical  gain  on  tlie  433  nm  (A  -  X)  transition  at 
achievable  metastable  concentrations.  The  intermediate  product,  tetraazidodiborane,  formed  in  the 
thermally-activated  reaction  of  HN3  and  B2H6,  is  shown  to  be  a  superior  donor  of  free  BH 
radicals,  which  are  rapidly  consumed  by  the  vibrationally  excited  SFe  molecules  that  are  used  (in 
the  current  experiments)  to  trigger  dissociation  of  the  metastable  precursor  and  donor  species. 
Clearly,  more  work  is  needed  to  establish  optimal  conditions  for  synthesis  and  transport  of  the 
TADB  donor,  since  high  concentrations  of  BH  are  necessary  to  efficiently  extract  the  metastable 
energy  in  competition  with  the  loss  due  to  self-annihilation.  Also,  more  scalable  methods  to  initiate 
dissociation  of  the  BH  donor  and  FN3  need  to  be  applied  to  optimize  the  performance  of  the  laser 
system. 
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Calculated  energies  (hartrees)  and  thermochemistry  (kcal/mole). 
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Table  1 

Calculated  RHF/6-31G''‘  Geometries  (angstroms  and  degrees) 


1  TADB  (D2) 

DAB  (C2v) 

HNBN3  (Cs) 

B-B 

1.821 

H-B 

1.179 

H-N 

H-B 

1.332 

B-Ni 

1.439 

N-B 

1.225 

B-Nl 

1.464 

N1-N2 

1.237 

B-Ni 

1.409 

Ni-N2 

1.230 

N2-N3 

1.095 

N 1-N2 

1.233 

N2-N3 

1.C97 

H-B-Ni 

115.4 

N2-N3 

1.094 

H-B-Ni 

103.5 

B-N1-N2 

123.6 

H-N-B 

180.0 

B-N1-N2 

118.8 

N1-N2-N3 

173.1 

N-B-Ili 

177.4 

N1-N2-N3 

174.7 

B-N1-N2 

120.1 

H-B-N1-N2 

-168.2 

N 1-N2-N3 

173.9 

B-N1-N2-N3 

-179.5 

N-B-N1-N2 

180.0 
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Table  2 

Calculated  RHF/6-31G*  Vibrational  Frequencies  (cm-*)  and  Intensities  (km/molc) 
DAB 

Ai  2845(162),  2588(924),  1401(556),  919(16).  824(81).  506(10),  122(0) 

A2  674(0).  60(0) 

B,  952(59),  686(63),  311(3) 

B2  2532(194),  1435(900),  1279(13),  1043(27).  693(1),  181(0) 

TADB 

A  2580(0).  2260(0),  1442(0),  1 103(0),  835(0),  674(0),  532(0),  262(0),  186(0),  70(0), 

42(0) 

Bi  2533(633),  2003(106),  1442(262),  1158(18),  730(47),  668(33),  497(25).  315(1),  155(3), 
34(1) 

B2  2537(440).  1744(4),  1450(843),  1312(385),  1080(90),  724(1).  667(8),  453(0),  181(0), 
110(1),  33(0) 

B3  2560(2145),  1831(2335),  1357(3117),  1 160(391),  877(659),  800(368),  668(90), 
485(15),  134(10),  48(2) 

HNBN3 

A’  4146(336).  2592(728),  2178(882),  1432(300),  900(30).  695(11),  559(154).  517(19). 
153(0) 

A"  651(19).  490(0),  435(210) 
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Tabic  3 

Calculated  Energies  (Hartrees)  and  Thermochemistry  (kcal/mole) 


TADB 

Level  of  Theory 
RHF/6-31G* 

MP2/6-31GV/RHF/6-3 IG* 
MP2/6-3 1  +G*//RHF/6-3  IG  * 

DAB 

Level  of  Theory 
RHF/6-31G* 

MP2/6-3  lG*//RHF/6-3  IG* 
MP2y6-3  l-Kri*//RHF/6-3  IG* 

HNBN3 

Level  of  Theory 
RHF/6-31G* 

MP2/6-3  1G*//RHF/6-3  IG* 
MP2/6-3  l-f<j*//RHF/6-3  IG* 


E 

AIIr[Eq.(3)] 

AUf 

-703.68903 

-33.3 

266.2 

-705.83842 

-75.0 

224.5 

-705.87845 

-132 

226.3 

E 

AHrlEq.(4)] 

AUf 

-351  86757 

-31.0 

117.6 

-352.92725 

-12.2 

106.2 

-352-94539 

-9.8 

108.3 

E 

AUrlEq.(5)] 

AIIj 

-243.01229 

-57.6 

40.4 

-243.73651 

-38.0 

60.0 

-243.75290 

-41.1 

56.0 
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Fig.  1 


Excitation  of  BH(A  -  X)  chemiluminescence  by  NF(a' A)  energy  pooling  mechanism. 
The  potential  curves  for  the  BH(A*n)  and  BH(X^E'‘')  states  are  from  Ref.  6  by 
Stwallcy  and  Luh. 
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Fig.  3  Time  profiles  of  433  nm  signals  due  to  transmission  of  resonance  lamp  through  the 
laser  driven  reactor  in  the  absence  of  FN3. 
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Fig.  4  Comparison  of  smoothed  BH(X*£''')  and  laser  intensity  time  profiles  (a),  and 
BH(X^r+)  at  two  different  laser  energies  (b),  in  the  absence  of  F>l3. 
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Fig.  7  Time  profiles  of  433  nm  signals  from  transmission  of  the  resonance  lamp  through  the 
laser-driven  reactor  with  FN3  present. 
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A  Chemically-Pumped  Visible-Wavelength  Laser  with  High  Optical  Gain 
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ABSTRACT 


Excitation  of  a  mixture  of  FN3,  B2H6,  SFg  and  He  by  a  pulsed  CO2  laser  generates  a 
transient  gain  medium  capable  of  supporting  laser  oscillation  at  433  nm  in  an  optical  cavity  with 
threshold  gain  of  2.5%  /  cm. 
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INTRODUCTION 


Previous  studies*  have  shown  that  large  concentrations  of  the  1.4  cV  mctaslablc  species, 
NF(a*A),  can  be  efficiently  generated  by  rapid  dissociation  of  the  energetic  FN3  mobcule.  Also, 
energy  transfer^  from  NF(a*A)  to  ground  state  BH  radicals  pumps  the  allowed  BH(A-X)  transition 
at  433  nm  by  the  rapid  (resonant)  pooling  reactions; 

NF(alA)  +  BH(X*I)  ->  NFfX^I)  +  BHfa^rt)  (1) 

NF(alA)  +  BH(a3K)  ^  NFfX^I)  +  BH(A'rt)  (2) 

The  FN3  is  produced  by  first  reacting  solid  NaN3  with  excess  stearic  acid  at  ~  1()0°C  to  generate 
HN3,  and  then  reacting  the  gaseous  azide  product  with  F2  diluted  in  He.  The  FN3  is  subsequently 
dissociated  by  mixing  with  SF6  and  exposure  to  10.6  p.  radiation  from  a  pulsed  CO2  laser.  The 
infrared  photons  are  resonantly  absorbed  by  the  SFe  molecules,  which  become  vibrationally 
excited,  and  collisional  transfer  of  this  excitation  to  the  FN3  causes  dissociation  to  occur  on  the  ps 
time  scale.*  If  B2H6  is  also  present  as  a  donor,  a  small  yield  of  BH  radicals  is  co-gencrated.  Since 
the  NF(a*A)  and  BH  radicals  are  liberated  under  premixed  conditions,  the  rate  of  formation  of  the 
emitting  BH(A*ji)  state  is  limited  only  by  Reactions  (1)  and  (2).  Encouraged  by  recent 
measurements^  of  high  optical  gain  (~  10%/cm)  in  this  transient  chemical  system,  we  have 
attempted  to  demonstrate  laser  oscillation  in  an  optical  cavity  with  a  relatively  large  threshold  gain 
to  validate  our  previous  conclusions. 

The  NF/BH  laser  concept  (described  above)  is  interesting  in  relation  to  other  visible 
wavelength  chemical  laser  systems,  such  as  NF/BiF,  which  operate  in  a  similar  manner,  because 
the.  achievable  gain  coefficients  are  substantially  larger.  In  prior  work,  we  obtained  a  gain 
coefficient  of  -  3  x  lO'^/cm  at  471  nm  in  the  NF/BiF  system.3  While  a  detailed  analysis  of  the 
NF/BiF  and  NF/BH  systems  is  beyond  the  scope  of  tnis  paper,  the  following  approximate 
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comparison  may  nonetheless  be  useful.  The  peak  NF(a'A)  concentrations  and  limiting  pump  rates 
in  the  two  systems  are  nearly  identical.  The  density  of  active  emitter  molecules  in  the  BH  system, 
however,  is  about  an  order  of  magnitude  larger  than  in  the  BiF  system,  owing  to  icduccd 
quenching  by  the  precursor.2-3  This  difference  approximately  cancels  tne  larger  radiative  rate  of 
BH  (~  6  vs  0.7  /ps  in  BiF)  resulting  in  comparable  inversion  densities.  The  difference  in  gain 
therefore  primarily  reflects  terms  which  influence  the  cross  section,  such  as  the  radiative  rates 
already  mentioned,  the  Franck-Condon  factors  (0.99  for  the  v'  =  0  to  v"  =  0  transition  in  BH  vs 
0.15  for  the  v'  =  1  to  v"  =  4  transition  in  BiF),  and  the  rotational  spacings  (~  12  vs  0.23  crn'l) 
which  account  for  a  seven-fold  reduction  of  the  number  of  transitions  excited  within  the  thermal 
manifold  of  BH.  Other  less  critical  factors  influencing  the  cross  section  such  as  wavelength  are 
nearly  equal,  while  the  Doppler  widths  (favoring  BiF)  ana  the  vibrational  distributions  (favoring 
BH)  tend  to  approximately  cancel.^-'* 

The  principal  difficulty  in  the  NF/BH  laser  concept  stems  from  reliance  on  high 
concentrations  of  NF(a*A)  to  maintain  an  absolute  population  inversion  against  the  fast  radiative 
decay.  These  high  mctastable  densities  increase  the  rale  of  NF(a'A)  self-annihilation^  and  thereby 
limit  the  time  available  for  Reactions  (1)  and  (2)  to  transfer  energy  to  the  emitting  transition. 
Efficient  power  extraction  is  therefore  critk  ally  dependent  on  achieving  an  adequate  concentration 
of  BH  radicals.  In  general,  this  is  a  difficult  (but  not  impossible)  criterion  to  satisfy.  For  the 
present  experiments,  however,  we  have  chosen  to  use  B2H6  as  a  convenient  BH  precursor,  even 
though  the  low  yield  of  emitting  molecules  precludes  efficient  power  extraction.  Reliance  on  SFg 
as  a  sensitizer  for  the  CO2  laser  also  results  in  rapid  scavenging  of  the  BH  radicals  that  are 
released.2  An  alternate  approach  that  eliminates  this  difficulty  is  use  of  gas-dynamic  shock  heating 
to  dissociate  the  reagents  in  lieu  of  CO2  laser  excitation.  Although  feasible,  this  approach  is  much 
more  complicated  experimentally,^  and  the  simpler  CO2  laser  /  SF^  method  of  triggering  the 
reactions  was  preferred  to  demonstrate  the  high  optical  gain  of  the  system. 
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EXPERIMENTAL 


The  reagems  (FN3.  B2H6,  SF6  and  He)  were  transporicd  by  0.25  inch  OD  stainless  steel 
and  teflon  tubing  at  a  total  pressure  (flow  rate)  of  100  Torr  (15  seem)  and  were  mixed  on-the-fly 
at  or  near  the  reactor  inlet.  The  mole  fractions  were;  FN3  -  \%,  B2H6  -  0.05%,  SF^  -  5%  and 
balance  He  of  which  approximately  half  wa.s  used  for  window  purges.  A  schematic  of  the  cactor 
is  shown  in  Fig.  1.  A  stainless  steel  cube  approximately  8  cm  on  a  side  was  bored  along  three 
mutually  perpendicular  axes  to  pa.ss  the  gas  flow,  the  CO2  laser  beam,  and  the  axis  of  the  optical 
resonator  tlirough  a  common  point.  The  gas  flow  exited  the  reactor  via  a  sonic  orifice  in  route  tc  a 
vacuum  pump,  and  the  ~  2  Joule  /  0.5  pps  CO2  laser  beam  was  focused  to  ~  1  cm  dia.  at  the  center 
of  the  reactor  (through  a  NaCl  window)  before  exiting  to  a  beam  dump  and  calorimeter.  The  optical 
resonator  was  formed  by  using  o-rings  to  seal  two  dielectric  mirrors  onto  support  tubes  extending 
from  either  side  of  the  reactor.  Both  internal  apertures  and  He  purge  flows  were  used  to  protect  the 
optical  surfaces.  The  resonator  cavity,  tuned  to  433  nm,  consisted  of  a  totally  reflecting  /  flat 
mirror  and  a  95%  reflecting  /  concave  (50  cm  radius  of  curvature)  mirror,  spaced  26  cm  apart 
with  the  gain  zone  midway  between  them.  The  gain  length,  corresponding  to  the  diameter  of  the 
CO2  laser  beam,  was  -  1  cm.  The  calculated  mode  diameter  in  the  gain  zone  is  ~  0.4  mm,  and  the 
corresponding  gain  volume  is  therefore  1.6  pf.  The  limiting  aperture  in  the  resonator  was  6  mm 
in  dia.;  and  assuming  no  other  losses  than  mirror  transmission,  the  threshold  gain  was 
-  2.5%  /  cm,  about  two  orders  of  magnitude  larger  than  the  amplification  achieved  in  the  NF/BiF 
system.^  Both  mirrors  were  aligned  to  each  other  and  to  the  limiting  apertures  by  use  of  an  external 
He-Ne  laser.  The  cavity  emission  was  monitored  through  a  fiber  optic  cable  by  an  optical 
multichannel  analyzer  (OMA)  for  spectral  content,  or  by  a  430  ±  5  nm  filtered  photomultiplier 
tube  for  intensity  time  profile.  A  photographic  camera  was  used  to  record  the  spatial  distribution  of 
the  output  beam. 
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RESULTS 


When  the  reactor  was  operated  under  nominal  conditions,  with  the  output  mirror  replaced 
by  a  quartz  window,  intense  pulses  of  blue  chemiluminescence  filled  the  cavity  aperture  coincident 
with  each  shot  of  the  CO2  laser.  Full-apcrturc  chemiluminescence  was  also  visible  through  the 
output  mirror;  however,  in  this  case  a  much  brighter  spot  of  blue  radiation,  of  ~  1  mm  diameter, 
also  appeared  in  the  field  of  view.  The  “lasing”  spot  was  sensitive  to  mirror  alignment  and 
exhibited  threshold  behavior  upon  varying  the  B2H6  flow  into  the  reactor  (i.e.,  the 
chemiluminescence  persisted  over  a  wider  range  of  stoichiometry  than  the  lasing  action).  The  OMA 
scan  verified  the  cavity  emission  was  at  433  nm,  coincident  with  the  v'  =  0  to  v"  =  0  band  of  the 
BH(A-X)  transition. 

The  lasing  spot  was  approximately  isolated  by  a  1  mm  dia.  brass  pinhole  and  the  relative 
intensity  time  profile,  shown  in  Fig.  2(a),  was  recorded  by  signal  avci aging  on  a  digital 
oscilloscope.  The  measured  strength  of  the  initial  sharp  lasing  spike  (■•  250  ns  duration)  was 
subject  to  large  (>  twofold)  fluctuations  from  shot  to  shot.  This  result  is  attributable  to  variations 
in  ihe  spatial  profile  of  the  CO2  laser  beam,  which  induced  index  gradients  in  the  gain  medium  and 
ob.scrvable  movement  of  the  cavity  mode.  In  the  average  over  several  shots,  therefore,  the  lasing 
signal  was  attenuated  by  random  vignetting  of  the  cavity  mode  on  the  pinhole.  The  time 
dependence  of  the  cavity  signal,  however,  is  accurate.  By  comparison,  the  intensity  of  the 
chemiluminescence  signal  was  nearly  constant  from  shot  to  shot.  Figure  2(b)  shows  the 
chemiluminescence  time  profile  taken  with  a  window  in  place  of  the  output  mirror.  The  cavity  and 
chemiluminescence  time  profiles  in  Fig.  2  have  been  normalized  at  long  times  to  allow 
examination  of  the  early  time  differences  due  to  stimulated  emission.  The  onset  of  cavity  emission 
is  delayed  (relative  to  the  chemiluminescence)  and  rises  more  steeply,  but  peaks  later,  than  the 
spontaneous  emission  time  profile.  Consequently,  there  is  time  interval  during  which  the  cavity 
output  is  growing  while  the  chemiluminescence  is  decaying.  The  initial  cavity  output  peak  is  also 
narrower  in  time  than  the  corresponding  pulse  of  spontaneous  chemiluminescence. 
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Photographs  of  the  aperture  (in  room  light)  and  the  laser  beam  (single  shot)  were  taken 
using  a  camera  and  lens  that  were  fixed  in  relation  to  the  reactor  hardware.  1  he  negatives  were 
developed  and  rephotographed  on  a  transmission  microscope  at  fixed  magnification  to  produce  the 
comparison  images  that  arc  shown  in  Tig.  3.  Multiple  exposures  in  which  the  number  of  shots 
was  adequate  to  compensate  the  transmission  of  the  output  mirror  were  also  recorded,  and  in  these 
cases,  no  evidence  of  full-aperture  chemiluminescence  was  recorded  on  the  film.  Since  the  beam  is 
small  compared  to  the  aperture,  has  well-defined  edges,  and  is  more  intense  than 
chemiluminescence,  it  is  clearly  the  result  of  laser  oscillation. 

DISCUSSION 

The  peak  energy  stoved  by  NF(a‘A)  in  these  experiments  is  about  5  J/f.  With  an  active 
volume  of  1.6  \iC  and  a  pulse  width  of  250  ns,  maximum  output  at  100%  efficient  power 
extraction  could  be  as  high  as  32  watts.  Since  B2H6  was  used  in  place  of  an  efficient  BH  donor, 
the  output  power  was  certainly  much  smaller.  The  goals  of  the  present  cxpcrii’  Jiit,  however,  were 
to  establish  lasing  and  to  demonstrate  high  levels  of  optical  gain,  both  of  which  have  been 
achieved.  In  the  near  future,  we  expect  to  be  able  to  increase  the  output  significantly  by  utilizing 
more  efficient  donors  than  B2H6,  and  increasing  the  active  volume  of  the  laser  mode.  On  a  longer 
time  scale,  we  envision  supporting  a  CW  laser  demonstration  in  which  shock  recovery  in  a 
supersonic  flow  is  used  to  dissociate  the  FN3  and  BH  donor.  In  this  case,  outputs  of  up  to 
500  Watts/cm^  of  nozzle  area  are  achievable  based  on  a  sonic  velocity  of  approximately  10^  cm/s 
(He  @  300  K),  efficient  power  exu-action,  and  equivalent  5  J/f  energy  storage  in  NF(a*A). 
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HGURE  CAPTIONS 

Fig.  1  Schematic  of  the  CO2  laser  driven  reactor  and  visible  laser  cavity. 

Fig.  2  Time  profiles  of  433  run  cavity  emission  (a)  and  chemiluminescence  (b). 

Fig.  3  Photographic  comparison  of  the  cavity  aperture  and  output  beam. 
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Schematic  of  the  CO2  laser  driven  reactor  arid  visible  laser  cavity. 


Intensity  (433  nm) 


Fig.  3  Photographic  comparison  of  the  cavity  aperrure  and  output  beam. 
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Abstract 

Recently  both  gain  and  lasing  have  been  demonstrated  in  the  NF(a''A)/BH  energy 
transfer  system.  In  this  paper,  measured  emission  and  absorption  time  profiles  are 
presented  for  all  key  electronic  BH  states  involved  in  the  transfer  mechanism.  The  highly 
metastable  BH(a^n)  state  has  for  the  first  time  been  monitored  directly  by  resonance 
absorption  using  a  spin-allowed  transition  to  the  b^Z'  state.  These  measurements  show,  in 
the  absence  of  pump  species  NF(a),  that  both  the  BH(a)  and  BH(A’n)  concentrations  are 
negligible,  and  the  total  BH  concentration  is  adequately  reflected  by  the  BH(X*E)  state. 
Also  under  lasing  conditions,  with  high  densities  of  NF(a)  present,  the  BH(a)  state  is 
efficiently  populated  by  collisions  with  NF(a)  and  functions  as  a  reservoir  for  most  of  the 
total  BH  concentration.  An  effective  absorption  cross  section  of  ~  1.7  x  10  *“^  cm^  has 
been  estimated  for  the  BH(a  —>  b)  transition  and  the  time  profile  of  the  total  BH  radical 
concentration  is  controlled  by  a  competition  between  the  dissociation  of  its  precursor  and 
rapid  chemical  removal.  Finally,  our  experimental  results  are  compared  with  a  simple 
kinetics  model  which  assumes  sequential  excitation  of  the  BH(a)  and  BH(A)  states  by 
NF(a),  leading  to  BH(A  -  X)  emission  and  optical  gain  at  433  nm. 
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Introduction 


Resonant  energy  transfer  from  metastable  NF(a*A)  to  BH  radicals  forms  the  basis 
for  a  collisionally  pumped  high  gain  visible  wavelength  chemical  laser.  ^2  The  NF(a)/BH 
energy  transfer  system  is  favored  by  high  rates  of  energy  transfer/pooling  as  well  as  the 
large  rotational  parameter  and  vertical  nature  of  the  BH  system,  which  minimizes  dilution 
of  NF(a)  pump  energy  among  BH  rotational  and  vibrational  degrees  of  freedom.  The  key 
processes  in  this  lasing  system  are  two  spin-allowed  pumping  reactions  followed  by  fast 
radiative  decay  of  the  BH(A*n)  state  via  emission  of  433  nm  photons. 

NF(a'A)  +  BH(X‘Z+)  ^  BHfa^n)  +  NFCX^I-)  (1) 

NF(a'A)  +  BH(a3n)  ^  BH(Aln)  +  NF(X3l-)  (2) 

BH(Ain)-^BH(X>I+)  +  hv(433  nm)  (3) 

The  energy  transfer  reaction  (1)  is  close  to  resonance  with  excitation  energies  of 
~  1 1,442  cm'i  and  -  1 1,000  cm'*  for  NF(a)  and  the  highly  metastable  BH(a3n)  state, 
respectively. 3-6  The  transfer  rate  was  estimated  in  our  previous  study*  and,  as  expected,  is 
close  to  the  gas  kinetic  limit  with  k]  ~  8  x  lO"’®  cm^/s.  The  energy  pooling  reaction  (2)  is 
thought  to  be  slower,  with  k2  ~  3  x  10'**  cm^/s,  because  this  process  is  slightly 
endothermic  and  the  degeneracy  ratio  for  reaction  (1)  is  much  larger  than  for  reaction  (2). 
The  subsequent  radiative  decay  of  BH(A)  is  fast,6-2  with  Abh  ~  6  x  10^  /s. 

The  reaction  scheme  outlined  above  demonstrates  that  BH(a)  is  a  key  species  in  the 
pumping  system,  but  this  critical  state  has  not  yet  been  probed  directly.  In  our  previous 
work,*  the  role  cf  BH(a),  both  in  the  absence  and  presence  of  NF(a),  was  inferred  from 
observations  of  gain  or  absorption  and  chemiluminescence  at  433  nm  on  the  BH(A  -  X) 
transition.  These  studies  were  based  on  a  steady-state  analysis,  negligible  quenching  or 
back  reaction,  and  no  significant  population  of  the  BH(a)  state  in  the  absence  of  NF(a).  To 
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confirm  these  assumptions,  we  present  here  results  from  direct  absorption  studies  of  the 
BH(a)  state,  which  use  a  spin-allowed  transition  to  the  higher  lying  b^Z-  state.  The 
measured  BH(X,  a.  A)  species  concentrations  and  inversion  densities  as  a  function  of  time 
are  then  compared  to  calculated  results  obtained  from  a  kinetics  code  using  reactions  (1)- 
(3).  These  studies  profited  considerably  from  recent  progress  in  both  experimental^  and  ab 
initio^  studies  of  the  BH  triplet  system. 

Experimental 

A  detailed  description  of  the  apparatus  and  technique  for  generation  of  NF(a)  has 
previously  been  published  in  this  journal  1-9  and  herein  only  details  necessary  to  clarify  the 
experimental  results  and  calculations  will  be  mentioned.  Metastable  NF(a)  and  BH  radicals 
were  generated  by  transient  dissociation  of  FN3  and  B2H6;  typical  precursor  concentrations 
were  either  zero  or  -  5  x  10*^  /cm^,  and  either  zero  or  ~  3  x  10^5  /cm^,  respectively.  The 
dissociation  reactions  were  activated  by  collisions  with  vibrationally  hot  SF6*  molecules 
produced  by  a  pulsed  CO2  laser,  and  translationally  hot  He  atoms  generated  by  SFe* 
collisions  with  the  bath  gas.  The  chemiluminescence  from  the  reactor  was  imaged  onto  the 
entrance  slit  of  a  monochromator  (AX  =  4  nm  FWHM),  and  then  detected  using  a  GaAs 
photomultiplier  tube.  The  generation  and  decay  of  the  metastable  and  emitting  species  was 
monitored  via  NF(a  X)  emission  at  874  nm  and  BH(A  — >  X)  emission  at  433  nm  as  a 
function  of  time.  Both  of  these  emissions  were  confined  to  narrow  spectral  regions  within 
the  resolution  of  the  spectrometer.  Absolute  concentrations  of  both  species  were  also 
recovered  by  photometry  using  calibrated  filters  and  detectors  as  described  in  our  previous 
publications. *'9  The  peak  NF(a)  yield  was  -  3  x  10’^  /cm^. 

The  time  profiles  of  BH(X)  and  BH(a)  were  monitored  by  resonance  absorption, 
both  with  and  without  NF(a)  melastables  present  in  the  reactor.  The  resonant  probe  light 
was  obtained  from  a  pulsed  150  ps-long  high-current  discharge  in  10  Torr  of  70%  Ne  and 
30%  He  gas  that  was  passed  through  a  column  of  Si02  and  decaborane  (BiqH  14)  at 
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ambient  temperature.  The  lamp  was  fired  50  ns  prior  to  the  CO2  laser  and  delivered 
approximately  constant  intensity  on  the  time  scale  of  the  reactive  chemistry.  The  radiation 
from  the  resonance  lamp  was  focused  into  the  reactive  volume  and  reimaged  at  the  entrance 
slit  of  the  monochromator.  Assignment  of  the  lamp  emission  was  achieved  by  comparing 
low  resolution  spectra  with  results  from  the  literature.^  The  primary  visible  emitter  was 
BH(A)  at  433  nm.  Emissions  observed  from  369  to  372  nni  were  also  assigned  to  the 
BH(b  — )  a)  system  in  comparison  with  spectroscopic  data  published  by  Almy  and 
Horsfall*®  and  recently  confirmed  by  Brazier  et  al.* 

The  NF(a)/BH  chemiluminescence  system  did  not  measurably  emit  into  the  spectral 
region  of  the  BH(b  a)  band.  Therefore,  absorption  of  370  nm  lamp  light  by  BH(a)  in 
the  reactor  could  be  observed  without  difficulty  and  was  used  to  measure  the  concentration 
of  this  intermediate  state.  Measurements  at  433  nm  with  NF(a)  present,  however,  were 
sensitive  to  the  difference  between  the  degeneracy  weighted  BH(A)  and  BH(X) 
concentrations.  Consequently,  the  BH(X)  concentration  was  measured  without  NF(a) 
present  in  the  reactor  to  insure  that  [BH(X)]  »  [BH(A)].  The  433  nm  data  were  nonetheless 
aliased  by  a  background  (SF^*  induced  chemiluminescence)  signal  at  the  same  wavelength, 
which  was  about  25%  of  the  lamp  intensity.  Therefore,  to  measure  the  BH(X)  absorption 
accurately,  data  from  the  PMT  was  analyzed  using  a  two  channel  digital  storage 
oscilloscope  as  follows.  The  amplified  signals  were  directed  to  Channel  A  on  even 
numbered  CO2  laser  shots  (Channel  B  grounded)  and  to  Channel  B  on  odd  numbered  shots 
(Channel  A  grounded)  wliile  tlie  lamp  was  fired  on  the  even  numbered  shots  only.  The  data 
(Channel  A  minus  Channel  B)  was  then  collected  over  a  large  (even)  number  of  CO2  laser 
pulses  so  that  the  chemiluminescence  contribution  was  canceled.  The  amplifier  gains  on 
Channels  A  and  B  were  carefully  balanced  to  within  1%,  and  care  was  taken  not  to  saturate 
either  channel. 
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Results 


Chemiluminescence  time  profiles  were  measured  for  NF(a)  and  BH(A),  and 
absorption  time  profiles  were  measured  for  both  the  A  -  X  and  b  -  a  transitions  of  BH. 
Peak  amplitudes  and  rates  of  rise  and  fall  are  derived  from  the  data  and  discussed  briefly 
with  respect  to  general  observations  made  during  previous  studies.’ 

Emission  Typical  NF(a)  and  BH(A)  chemiluminescence  signals  as  a 
funciion  of  time  are  shown  Fig.  1.  Botl  ignals  are  peaked  at  -  2  ps  relative  to  the  CO2 
laser  trigger.  This  delay  is  in  part  due  to  the  laser  itself  as  well  as  the  subsequent  chemical 
reactions.  The  NF(a)  decay,  either  in  the  absence  or  presence  of  B2H6,  is  dominated  by 
NF(a)  self-annihilation  at  a  rate  of  ~  2.2  x  10' ’2  cmVs  as  given  by  Setser.”  The  B2H6  and 
its  byproducts  (other  than  BH)  do  not  appear  to  be  highly  efficient  quenchers  of  NF(a)  as 
shown  by  earlier  investigations,  which  found  a  linear  scaling  relationship  between  the 
chemiluminescence  intensity  and  the  initial  donor  concentration.  Consequently,  although 
the  energy  transfer  from  NF(a)  to  BH  radicals  is  rapid,  the  concentration  of  BH  is  too  small 
in  these  experiments  for  reactions  (1)  or  (2)  to  compete  with  the  loss  of  NF(a)  due  to  self- 
annihilation.  Alternate  (ground  state)  pump  mechanisms  leading  to  BH(A)  can  nonetheless 
be  excluded  since  the  BH(A)  chemiluminescence  background  was  increased  by  ~  two 
orders  of  magnitude  upon  addition  of  NF(a)  to  the  reaction  system. 

Single  exponential  fits  to  the  measured  BH(A  X)  chemiluminescence  decay 
curve  yielded  a  fall  constant  of  -  0.7  /ps.  The  BH(A)  signal  also  clearly  decays  more 
rapidly  than  the  NF(a)  signal,  which  can  be  attributed  to  fast  chemical  removal  of  the  BH 
radicals.  Our  prior  investigations’  demonstrated  that  BH  removal  was  independent  of  the 
initial  FN3  and  B2H6  concentrations,  and  was  therefore  most  likely  due  to  reactions 
involving  the  SFg  sensitizer. 
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Absorption  Figure  2  shows  representative  BH(X  -  A)  and  BH(a  -  b) 

absorption  time  profiles  collected  with  the  pulsed  lamp  diagnostic.  The  temporal  jitter  of 
both  the  CO2  laser  and  lamp  discharge  circuit  is  responsible  for  an  uncertainty  in  reaction 
time  of  ±  0.3  |is  in  these  data.  A  rising  and  falling  exponential  fit  to  the  433  nm  absoiption 
time  profile,  taken  without  NF(a)  present  in  the  system,  yielded  rise  and  decay  constants  of 
-  1.2  and  ~  0.8  /(is,  respectively,  for  the  BH(X)  state.  The  measured  rate  of  rise  of  the 
BH(X)  time  profile  reflects  the  rapid  approach  to  a  steady  state  relationship  between  BH 
production  and  fast  chemical  removal,  while  the  decay  reflects  the  slower  rate  of  B2H6 
dissociation  as  influenced  by  the  CO2  laser  intensity  time  profile.’  The  peak  BH(X) 
concentration  (~  0.5%  of  initial  B2H6)  is  determined  using  Beer’s  law  in  the  limit  of  small 
absorption,  based  on  an  optical  path  length  of  ~  1  cm  and  an  averaged  or  effeefive 
absorption  cross  section  of  Oxa  ~  3  x  10  *'^  cm^.  The  largest  error  in  this  calculation  is  due 
to  the  assumption  of  -  600  rotational/translational  temperatures  in  both  the  lamp  and 
reaction  cell,  which  are  uncertain  within  a  factor  of  two.  The  vibrational  temperatures 
produced  by  the  CO2  laser  are  clearly  higher,  but  the  BH(A’n,  v’  >  0)  populations  are 
insignificant  due  to  the  large  vibrational  spacing  (2367  cm'’)^’^  of  this  radical,  as 
confirmed  by  independent  measurements  of  the  0-0  and  1-1  band  intensities. 

The  presence  of  BH(a)  was  monitored  both  with  and  without  NF(a)  present  in  the 
reactor.  In  the  absence  of  NF(a),  the  BH(a)  concentration  was  below  the  experimental 
detection  limit.  The  much  larger  absorption  signal  recovered  in  the  presence  of  NF(a)  is 
shown  in  Fig.  2,  with  a  statistically  determined  maximum  fractional  absorption  (Almax/lo) 
at  370  nm  of  0.23  ±  0.05.  These  results  demonstrate  that  pumping  by  NF(a)  dominates 
BH(a)  production,  and  only  negligible  amounts  of  BH(a)  are  due  to  pumping  by  other 
energetic  species  such  as  vibrationally  hot  SF^.  Consequently,  in  the  absence  of  NF(a)  the 
total  concentration  of  BH  radicals  is  measured  accurately  by  the  BH(X)  state.  The  rates  of 
rise  and  decay  of  the  BH(a)  state  were  determined  to  be  ~  1.2  and  ~  0.5  /(is,  respectively. 
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Discussion 


BH(a)  State  Theoretical  estimates  by  Yarkony  ct  al.^  show  comparable 
radiative  rates  for  the  A  -  X  and  b  -  a  transitions  in  BH.  Consequently,  the  yield  ol  BH(a) 
in  the  presence  of  NF(a)  is  shown  to  be  substantial  by  the  data  in  Fig.  2,  since  the 
absorption  cross  sections  scale  in  proportion  to  the  A-coefficients.  Since  the  BH(a),  BH(X) 
and  BH(A)  time  profiles  also  approximately  track  each  other  it  then  follows  that  all  three 
BH  states  are  dominated  by  reactions  (I)-(3).  In  this  case,  the  approximate  relations 
[BH(a)]  -  (ki/k2)  [BH(X)]  and  (BH(A)]  ~  (ka/AeH)  (NF(a)]  [BH(a)]  can  be  derived  by 
applying  the  steady  state  approximations  (d[BH(A)]/dt  and  d[BH(a)]/dt  =  0).  Favorable 
comparisons  between  these  steady  state  estimates  and  the  measured  BH(a)  and  BH(A)  time 
profiles  are  shown  in  Figs.  3  and  4,  respectively. 

Kinetic  Model  The  purpose  of  this  calculation  is  to  remove  the  steady  state 
approximations  and  to  evaluate  the  adequacy  of  reactions  ( l)-(3)  as  a  valid  description  of 
the  NF(a)/BH  energy  transfer  system.  The  calculation  will  first  be  anchored  to  the  observed 
NF(a)  concentration  time  profile  in  the  absence  of  BH  and  the  observed  BH(X)  time  profile 
in  the  absence  of  NF(a). 

Dissociation  jf  FN-,  to  NF(a)  and  N2  has  a  barrier-^  of  Ea  ~  4800  cm-'.  An  estimate 
of  the  dissociation  rate,^  as  a  function  of  temperature  (T)  and  the  concentration  of  collision 
partners  [M]  is  given  by 

d[FN3]/dt  =  -  ks  exp(-Ea/T^T)  [M]  [FN3]  (4) 

where  k4  =  1.0  x  lO'*  *  cm^/s.  The  NF(a)  time  profile  is  described  by  equation  (5),  where 
FN3  dissociation  (with  unit  branching  ratio)  and  the  self-annihilation  process  between  two 
NF(a)  metastables  (ka  =  2.2  x  10-'2  cm^/s)  are  the  only  significant  contributing  factors. 
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Quenching  of  NF(a)  by  FN3  is  negligible  since  these  species  do  not  overlap  for  a 
significant  period  of  time. 

d[NF(a)]/dt  =  -  d[FN3l/dt  -  ka  [NF(a)]2  (5) 

Heat  generation  in  this  reaction  system  is  initiated  by  pulsed  CO2  laser  production  of 
vibrationally  hot  SF^,  which  in  turn  heats  the  bath  gas  due  to  rapid  V-T  relaxation. '2. 13 
Terms  that  contribute  to  the  temperature  time  profile  are  given  by  the  equation 

dT/dt  =  {a  [SF6]  I(t)  +  Qd  d[FN3]/dt  +  ka  [NF(a)]2  Qa}  /  C  (6) 

where  the  SF6  absorption  cross  section  for  10.64  |im  light  can  be  estimated  according  to 
Lenzi  et  al.  (a  ~  4.6  x  lO-l^cm^)'^  and  I(t)  represents  the  experimentally  determined  CO2 
laser  energy  time  profile.  The  terms  Qd  ~  12,000  cm'*  and  Qa  ~  50,000  cm'*  correspond  to 
heat  released  by  the  FN3  dissociation  and  NF(a)  self-annihilation  processes,  respectively, 
and  C  is  the  heat  capacity  of  the  gas.  Figure  5  presents  a  comparison  between  the  measured 
NF(a)  chemiluminescence  time  profile  and  a  satisfactory  fit  to  a  computer  solution  of 
equations  (4)-(6)  in  which  the  critical  parameters  of  the  model  (kg,  Eg)  were  varied  only 
slightly  (±  10%)  from  their  independently  established  values. 

The  B2H6  dissociation  is  likely  to  be  a  two-step  process  leading  initially  to  BH3, 
which  subsequently  dissociates  to  BH  and  H2.*^’*'^  The  kinetics  of  B2H5  dissociation  in 
the  presence  of  a  pulsed  CO2  laser  field,  vibrationally  hot  SF^  and  translationally  hot  He  is 
complex,  and  a  satisfactory  model  is  beyond  the  scope  of  this  paper.  Consequently,  the 
total  BH  radical  concentration  time  profile  data  (see  Fig.  2,  open  circles)  was  fit  to  a  double 
exponential  function  of  time,  [BH(t)],  as  shown  in  Fig.  6.  The  fit  parameters  (a,  b,  c)  were 
then  frozen  and  held  constant  in  all  subsequent  calculations.  The  resulting  conservation 
relation 

[BH(t)]  =  {a  exp(-bt)  -  exp(-ct))  =  [BH(A)]  +  [BH(a)]  +  [BH(X)]  (7) 
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was  subsequently  ccmbincd  with  the  rate  equations  for  the  BH(a)  and  BH(A)  states 


d[BH(a)]/dt  =  ki  [BH(X)]  [NF(a)]  -  k2  [BH(a)]  (NF(a)]  (8) 

d[BH(A)]/dt  =  k2  [BH(a)]  [NF(a)]  -  Abh  [BH(A)]  (9) 

corresponding  to  reactions  (l)-(3)  to  yield  a  kinetic  model  for  the  time  dependence  of  all 
three  BH  states. 

Modeling  of  the  coupled  NF(a)/BH  system  can  then  be  performed  by  simultaneous 
computer  integration  of  equations  (4)-(9)  with  knowledge  of  the  initial  experimental 
parameters,  provided  the  presence  of  NF(a)  does  not  affect  [BH(t)],  since  it  has  previously 
been  established  that  BH  radicals,  as  well  as  the  associated  donors  and  byproducts,  do  not 
influence  the  NF(a)  concentration.  A  prior  comparison,'  however,  of  the  BH(A) 
chemiluminescence  time  profile  with  the  calculated  product  of  the  measured  NF(a)  time 
profile  and  the  measured  BH(X)  time  profile  (without  NF(a)  present)  demonstrated  that 
NF(a)  does  not  impact  the  production  of  BH  radicals  significantly  except  at  long  reaction 
times,  well  after  the  peak  chemiluminescence.  The  correlation  of  this  model  with  the 
coupled  NF(a)/BH  data  therefore  depends  primarily  on  the  rate  parameters  ki  and  k2. 

Figure  7  shows  the  results  of  a  fully  coupled  NF(a)/BH  calculation,  based  on  the 
original  estimates  for  ki  and  k2  (from  our  prior  work)'  using  no  other  variable  rate 
parameters  except  those  that  were  fixed  by  correlation  of  the  model  to  the  uncoupled  NF(a) 
and  BH(X)  time  profile  data.  In  this  case,  most  of  the  BH  concentration  is  resident  in  the 
intermediate  a^FI  state.  Figures  8  and  9,  respectively,  present  a  comparison  of  the  measured 
433  nm  chemiluminescence  and  370  nm  absorption  data  (both  with  NF(a)  present)  vs  the 
corresponding  calculated  time  profiles.  The  BH(A)  concentrations  in  Fig.  8  arc  based  on 
absolute  photometry  using  the  data  in  Fig.  1  and  the  known  value  of  the  transition  rate,'** 
while  the  BH(a)  concentrations  in  Fig.  9  are  derived  from  the  data  in  Fig.  2  (closed  circles) 
using  aab  ~  1-7  x  10  ''*  cm^  as  a  fitting  parameter.  Figure  10  compares  the  calculated 
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inversion  density  on  the  BH(A  -  X)  transition  with  the  previously  measured  experimental 
gain  time  profile,  which  is  converted  to  equivalent  concentration  data  by  dividing  out  a  best 
fit  stimulated  emission  cross  section.  Use  of  an  alternative  high-intensity  (short-pulse) 
resonance  lamp  in  the  gain  experiment  (to  overcome  the  intense  433  nm 
chemiluminescence)'  unfortunately  precludes  an  absolute  comparison  with  this  gain  model, 
since  the  effective  cross  sections  arc  sensitive  to  rotational/vibrational  temperatures  which 
vary  widely  in  these  radiation  sources.  The  temporal  correlation  of  the  experimental  data  to 
the  model  calculations  in  Figs.  8-10,  however,  clearly  demonstrates  that  the  previously 
estimated  values  of  kj  and  k2  are  satisfactory,  and  moreover  that  interactions  of  BH(a)  and 
BH(A),  with  species  other  than  Nb(a),  is  insignificant  compared  to  the  rates  of  metastable 
induced  transfer/pooliug  or  radiatic  '  on  the  A  -  X  transition.  Therefore,  all  the 
approximations  used  and  results  obtained  in  our  previous  analysis  have  been  verified. 

Summary 

For  the  first  time  relative  concentration  time  profiles  were  measured  for  all  tliree  key 
electronic  states  in  the  NF(a)/BH  system.  The  highly  metastable  BH(a)  state  was  directly 
monitored  by  resonance  absorption,  and  an  effective  absorption  cross  section  for  the 
BH(a  — >  b)  transition  was  estimated  as  1.7  x  10' cm^.  In  the  absence  of  NF(a),  the 
BH(a)  and  BH(A)  densities  were  both  negligible,  and  the  tot-l  BH  population  was 
estimated  adequately  by  measurements  of  the  BH(X)  concentration.  With  NF(a)  present, 
the  BH(a)  state  concentration  was  controlled  by  collisions  with  the  metastable  pump  species 
and  this  state  functions  as  a  reservoir  for  most  of  the  total  BH  population.  The  measured 
time  evolution  of  the  relative  BH(X,  a.  A)  concentrations  (as  well  as  inversion  density)  was 
adequately  reproduced  by  a  simple  kinetics  model  based  on  a  two-step  cyclic  pumping 
mechanism  to  populate  the  BH(A)  state  by  energy  pooling  through  the  BH(a)  intermediate 
state,  followed  by  radiative  decay  at  433  nm  to  the  BH(X)  ground  state.  Details  regarding 
the  production  and  decay  of  the  net  BH  population,  however,  remain  to  be  determined. 
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Fig-  1  NF(a)  and  BH(A)  chemiluminescence  signals  as  a  function  of  lime  after  tlic  CO2 
laser  trigger.  The  NF(a)  intensity  time  profile  was  adjusted  to  appear  on  the  same 
ordinate  scale  as  the  BH(A)  intensity  time  profile. 
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Relative  BH(a)  Concentration 


Fig.  3  Normalized  BH(a)  populations  as  a  function  of  time.  Experimental  values  are 
represented  by  open  circles.  The  solid  line  shows  the  BH(a)  population  calculated 
using  a  steady  state  approximation. 
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Relative  BH(A)  Concentration 
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Fig.  4  Normalized  BH(A)  populations  as  a  function  of  time.  The  measured  BH(A) 
population  is  represented  by  open  circles.  The  solid  line  indicates  the  BH(A) 
population  calculated  using  a  steady  state  approximation. 
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SJ'mitial 


[BH(X)]  /  [B 


Fig.  6  BH(X)  time  profiles  in  the  absence  of  NF(a).  The  experimental  values  are 
represented  by  open  circles  and  the  solid  line  is  a  fit  to  a  rising  and  falling 
exponential. 
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a]  /  [(x)Ha] 


Fig.  7  Calculated  BH  concentrations  in  the  presence  of  pump  species  NF(a)  obtained  by 
a  kinetics  code  based  on  reactions  (l)-{3). 
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[BH(a)]/[B2H 
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Fig.  10  Comparison  of  measured*  (open  circles)  and  calculated  (solid  line)  BH(A  -  X) 


inversion  "" 


'sities  as  a  function  of  time. 
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Abstract 

The  energy  transfer  reaction  of  Ml  (a^A)  with  IF(XlE+,  v")  was  studied  at  total  system 
pressures  of  25  Torr.  Metastable  NF(a)  was  generated  by  quantitative  thermally  induced  FN3 
dissociation,  and  IF(X,  v")  was  produced  in  the  fast  reaction  of  F-atoms  with  I2  or  CF3I.  The 
F-atom  concentration  generated  by  IR  multiphoton  dissociation  of  SFg  was  2±1  x  lO^^/cm^. 
Under  experimental  conditions  optimized  for  maximum  IFfB^FIfO^)]  yield,  peak  NF(a)  density 
was  determined  to  be  3±2  x  IQl^/cm^.  The  corresponding  peak  IF(B)  concentration  was 
2±1  xlOlVcm^,  and  the  c'^ncentration  ratio  [IF(B)]/[NF(a)]  was  independent  of  the  I-atom 
source  used.  The  emissions  of  other  excited  species  (W(b)  and  I1/2)  were  strongly  coupled  and 
due  largely  to  impurities  in  the  FN3  flow,  which  could  be  removed  by  a  dry  ice  trap.  A 
vibrational  temperature  of  1200  ±  100  K  for  the  IF(B)  state  was  determine  from  its  emission 
spectrum,  and  the  IF(B)  kinetic  lifetime  was  calculated  from  time-resolved  fluorescence  decay 
profiles  that  were  also  independent  of  the  1-atom  source.  Reactant  gases  such  as  HN3,  FN3  and 
vibrationally  hot  SFs  did  not  affect  the  kinetic  lifetime  of  IF(B);  but  for  SFg  concentrations  >  5  x 
IQlVcm^,  IF(X,  v"  =  0)  removal  was  observed.  Losses  of  1F(B)  due  to  thermal  dissociation  and 
reaction  with  NF(a)  or  its  byproducts  therefore  appear  to  be  negligible.  The  relative  ground  state 
populations  of  IF(X,  v"  =  0-2)  were  measured  and  were  therm^  at  T  =  2000  ±  100  K  for  both  I2 
and  CF3I  precursors;  IF(X,  v"  >  2)  was  not  observed  due  to  experimental  limitations.  The  results 
support  a  mechanism  involving  efficient  E-V  transfer  from  NF(a)  to  IF(X),  generating  a  steady 
state  IF(X,  v"  ^  10)  population  independent  of  the  IF  source  us^.  This  mechanism  allows  for 
more  than  one  photon  per  IF  produced  (IF  recycling)  and  consequently  yields  a  larger  specific 
energy  than  the  mechanism  that  is  operative  at  low  NF(a)  densities.  Since  large  IF(X) 
concentrations  can  be  generated,  the  feasibility  of  a  vibrationally  assisted  IF(X)  transfer  laser 
depends  principally  on  management  of  the  IF(X,  v")  distribution  under  high  particle  density 
conditions. 
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1.  Introduction 

Due  to  potential  application  in  chemical  laser  schemes,  resonant  energy  transfer  reactions 
between  a  metastable  molecule  and  an  emitting  species  have  been  an  active  area  of  research.  The 
chemical  oxygen  iodine  laser  (COIL)  is  an  efficient  near-infrared  laser  based  on  resonant  energy 
transfer.  The  required  large  02(aM)  concentrations  are  produced  in  the  base  catalyzed  reaction 
of  CI2  with  H2O2.  followed  by  energy  transfer  to  lasant  species  1 1/2,  which  subsequently  emits 
light  at  1315  nra.^'^  Gain  and  unsaturated  lasing  in  the  visible  spectral  range  have  also  been 
demonstrated  recently  for  two  NF(a'A)  pumped  systems.^*^^  Metastable  NF(a)  is  isoelectronic  to 
02(a)  and  can  be  generated  efficiently  in  the  gas  phase  by  rapid  thermally  induced  quantitative 
dissociation  of  FN3  at  concentrations  up  to  3  x  10'^  /cm^.^Lli  These  metastable  densities  are 
comparable  to  the  02(a)  concentrations  used  in  COIL  devices.  As  part  of  a  continuing  effort  in 
the  identification  of  suitable  energy-transfer  partners  for  both  02(a)  and  NF(a),  several  candidate 
emitters  have  been  investigated  intensely.  Studies  of  the  collisional  and  radiative  dynamics  of  the 
1F(B)  state  have  shown  this  emitter  to  be  an  especially  promising  visible  chemical  laser 

candidate.^3-20 


An  optically  pumped  IF(B  *->  X)  laser  has  been  demonstrated  by  Davis.2l-23  The  viability 
of  the  IF  system  as  a  visible  wavelength  chemically  pumped  laser  candidate  has  been  shown  by 
several  studies  involving  collisional  resonant  energy  transfer  between  the  IF(X)  and  metastables 
such  as  02(a),  N2(A),  NF(b)  and  NF(a).2^'^®  Especially  interesting  are  low  pressure  (0.1-3  Torr) 
results  for  02(a)  and  NF(a)  as  IF(X)  pump  species  since,  in  these  cases,  the  metastable 
concentrations  can  be  scaled  up  to  the  levels  needed  for  an  operational  device.  The  NF(a) 
densities  used  in  the  IF(X)  studies  to  date,  however,  are  much  smaller  than  current  generation 
capabilities.^^ 

Pumping  of  IF(X)  to  the  B-state  by  these  metastables  is  attributed  to  a  two-step  (energy 
pooling)  mechanism  because  the  electronic  excitation  energy  of  either  02(a)  or  NF(a)  is 
insufficient  for  a  direct  one-step  process.^^*^^  However,  low  pressure  studies  also  demonstrated 
that  when  IF(X)  is  vibrationally  excited  to  levels  v"  ^  10,  direct  one-step  collisional  excitation 
can  be  achieved,  as  illustrated  in  Fig.  1.^^  The  IF(B)  yield  also  improved  dramatically  when 
pumped  by  02(a)  or  NF(a),  if  IFfX,  v")  was  quantitatively  produced  in  the  fast  reaction  of 
F-atoms  with  molecular  iodine.^>35 
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F  + 12 IF(X.  v")  + 1  ki  =  4.1  X  10-10  cm3/s  d) 

This  reaction  efficiently  yields  nascent  IF(X)  at  high  vibrational  energy  levels  (v"  ^  10)  and  only 
a  negligible  fraction  of  1 1/2 .^0-42 

Based  on  the  experimental  findings  obtained  under  low  pressure  conditions,  a 
vibrationally  assisted  transfer  laser  concept  that  relies  on  resonant  energy  transfer  from  NF(al  to 
vibrationally  excited  IF(X)  has  been  proposed.39  The  first  step  of  the  suggested  mechanism  is  the 
production  of  hot  IF(X,  v"  2.  10)  by  reaction  (1).  These  molecules  subsequently  collide  with 
metastable  NF(a)  to  form  electronically  excited  1F(B),  which  reverts  to  the  ground  state  by 
radiative  decay.39 

IF(X,  v"  ^  10)  +  NF(a)  IF(B)  +  NF(X)  kp  =  2  -  3  x  10-12  cm3/s  (2) 

IF(B,  v'  =  0)  ->  IF(X,  v"  =  5)  +  hv  (625  nm)  kr  ~  0.14  /ps  (3) 

Inversion  in  the  system  is  possible  because  the  Franck-Condon  factors  of  the  IF(B  X) 
transitions^  favor  radiation  from  v'  =  0  in  the  B  state  to  vibrationally  excited  v"  ~  5  energy  levels 
of  the  ground  state  that  are  not  significantly  populated  under  thermal  conditions.ss,45 

Previous  studies39  have  demonstrated  linear  scaling  of  the  IF(B)  yield  with  NF(a) 
concentration  up  to  1  x  lOl  Vcm^.  In  this  paper  we  report  an  investigation  of  the  vibrationally 
assisted  pumping  scheme  in  the  presence  of  much  larger  transient  NF(a)  concentrations  that  were 
obtained  by  pulsed  CO2  laser  dissociation  of  FN3  in  the  presence  of  He  buffer  gas  and  SF6 
sensitizer.  To  assess  the  feasibility  of  a  vibrationally  assisted  NF/Dr  transfer  laser  and  the  validity 
of  the  proposed  pump  mechanism  for  high  pressure  conditions  (25  Torr),  parameters  that  relate 
to  the  pump  rate  such  as  the  [IF(B)]/[NF(a)]  concentration  ratio  were  measured.  Due  to  the  high 
frequency  of  collisions  in  this  environment,  nonradiative  IF(B)  decay  processes  may  also 
successfully  compete  against  reaction  (3).  These  losses  include  quenching  by  reagents  or  by¬ 
products,  energy  pooling  with  NF(a),  and  thermal  excitation  into  IF(B,  v')  states  above  the 
predissociation  limit. The  effect  of  reactants  HN3,  FN3  and  vibrationally  hot  SF6  on  the  IF(B) 
kinetic  lifetime  (Xiad  ~  7  }j.s)'6-18  yyas  consequently  studied  by  time-resolved  pulsed  LIF 
measurements,  which  also  determined  the  vibrational  distribution  of  the  v"  =  0,  1,  2  levels  of  the 
IF  ground  state. 
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The  proposed  laser  concept  also  hinges  on  scaling  the  IF(X,  v"  2.  10)  concentration. 
Measurements  using  both  vibradonally  hot  and  cold  sources  of  1F(X)  gave  insight  into  the  degree 
of  thermalization  prior  to  reaction  with  NF(a).  Vibrationally  hot  IF(X)  was  obtained  using 
reaction  (1),  and  cold  IF(X)  was  produced  in  the  fast  quantitative  reaction  of  CF3I  with  F- 
atoms.^*'^^ 

F  +  CF3I  IF(X,  V"  5)  +  I  k4  =  1.5  X  lO'lO  cm3/s  (4) 

If  the  IF(X,  v")  nascent  vibrational  distribution  produced  via  reactior.  (1)  is  sufficiently 
thermalized  prior  to  reaction  with  NF(a),  the  IF(B)  yield  at  constant  metastablc  concentration  is 
expected  to  be  independent  of  the  I-atoms  source  used.  Finally,  at  higher  metastable 
concentrations,  the  pumping  mechanism  may  change,  since  the  dynamics  of  IF(B)  formation 
may  be  dominated  by  collisions  with  NF(a)  and  other  energetic  species,  such  as  I1/2,  NF(b)  or 
vibrationally  hot  SFg,  lather  than  by  collisions  with  the  He  bath  gas.  The  presence  of  these 
energetic  species  was  therefore  monitored  by  their  emissions,  and  the  contributions  to  production 
of  IF(B)  were  evaluated. 

2.  Experimental  Section 

Hydrogen  azide  was  prepared  by  the  reaction  of  NaN3  with  excess  stearic  acid  at  a 
temperature  of  100-120°C.Hd2  xhe  azide  product  was  diluted  to  5%  in  He  and  stored  in  a 
stainless  steel  tank  for  later  use.  The  FN3  (~  3%  in  He,  3.5  scc/s  total  flow)  was  then  generated 
on-line  by  the  reaction  of  HN3  with  ~  10%  F2  in  He  at  25°C  and  350  Torr  total  pressure.  The 
FN3  flow  was  either  directly  expanded  across  a  100  pm  dia.  pinhole  orifice  and  subsequently 
mixed  with  a  continuos  flow  of  SFg  and  other  reactants  (CF3I  or  I2,  both  diluted  in  He),  or  first 
passed  through  a  dry  ice-cooled  trap  to  remove  impurities.  Iodine  was  introduced  by  passing 
metered  artpunts  of  He  carrier  gas  through  a  room  temperature  I2  saturator.  The  mole  fraction  of 
I2  in  the  effluent  was  determined  from  the  known  vapor  pressure  curve.'**  The  combined  flows 
were  directed  via  teflon  tubing  to  a  windowed  stainless  steel  reaction  cell,  and  all  flows  were 
controlled  via  Tylan  electronic  mass  flow  meters.  The  gas  stream  was  then  excited  by  10.64  pm 
radiation  from  a  pulsed  CO2/TEA  laser  (repetition  rate  ~  0.5  Hz),  which  was  focused  to  a  1  cm^ 
cross  sectional  area  at  the  center  of  the  reaction  cell  and  terminated  on  a  pulse  calorimeter.  The 
sidearms  of  the  reactor  that  conducted  the  CO2  laser  beam  were  purged  with  He,  and  all  gases 
exited  via  a  sonic  orifice  to  vacuum.  The  CO2  laser  was  operated  at  constant  output  energy,  and 
variable  attenuators  were  placed  between  the  laser  and  reaction  cell  to  adjust  the  fluence. 
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The  CO2  laser  was  used  to  produce  vibrationally  excited  SFe  molecules  as  well  as 
F-atoms  by  IR  muliiphoton  dissociation.^^  Vibrationally  hot  SF^  contributes  to  the  thermally 
induced  dissociation  of  FN3,  which  is  used  to  generate  NF(a).  The  yield  of  metastables  was 
monitored  by  the  intensity  of  NF(a  ->  X)  chemiluminescence  at  874  nm^O  that  was  transmitted 
through  an  interference  filter  and  measured  by  a  calibrated  silicon  photodiode  or  a  GaAs 
photomultiplier  tube  (PMT),  The  transient  signals  from  the  detectors  were  passed  through  a 
calibrated  wide  bandwidth  preamplifier  and  averaged  on  a  digital  oscilloscope  that  was 
synchronized  to  the  CO2  laser.  Peak  NF(a)  concentrations  were  determined  by  absolute 
photometry  based  on  knowledge  of  the  A-coefficient,^*  collection  geometry  and  measured  filter 
transmission  factors.  The  total  number  of  F-atoms  generated  by  SF^  multiphoton  dissociation 
was  determined  by  titration  with  H2,  or  alternately,  by  titration  with  I2.  The  vibrationally  hot  HF 
titration  product  was  observed  by  its  (3-0)  overtone  emission. 

F  +  H2  HF(v)  +  H  (5) 

The  F-atoms  produced  by  dissociation  of  SF6  also  reacted  with  I2  according  to  reaction  (1)  to 
yield  IF(X)  and  I-atoms.  In  the  presence  of  excess  I-atoms  the  following  additional  processes 
occur;^^~^^ 


I3/2  +  NF(a)  —>  NF(X)  + 11/2 

k5~  1.8  X  10'"  cmVs 

(6) 

I1/2  +  NF(a)  ->  NFCo)  -i- 13/2 

k7  =  5.7  X  10‘"  cm% 

(7) 

NF(b)  NF(X)  +  hv  (528  nm) 

kg  =  44/s 

(8) 

The  NF(b)  emission  at  528  nm.^O  and  the  IF(B)  emission  at  583  nm,^®  were  each  filtered  by  a 
monochromator  and  detected  using  a  PMT,  as  functions  of  the  I2  concentration.  The  endpoint  of 
the  titration  was  determined  by  the  onset  of  strong  additional  NF(b)  emission  over  the 
background  NF(b)  radiation  due  to  a  minor  (1%)  FN3  dissociation  channel.' '^2  titration 
using  I2  yielded  results  that  were  in  good  agreement  with  the  previous  titration  using  H2. 

The  reactor  conditions  were  optimized  for  IF(B)  production  by  varying  the  total  reactor 
pressure,  CO2  laser  fluence,  and  concentrations  of  FN3,  SF6  and  I2.  Optimal  IF(B)  generation 
was  obtained  at  3.2  J/cm^  laser  fluence,  and  a  total  system  pressure  of  25  Torr,  using 
approximately  200-300  mTorr  of  FN3,  250  mTorr  SFg  and  10-50  mTorr  I2,  with  balance  He. 
The  peak  NF(a)  and  F-atom  concentrations  measured  by  absolute  photometry  and  H2  titration, 
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respectively,  were  3  ±  2  x  10*5  /cm^  and  2  ±  1  x  10*'*  /cm}.  These  results  were  limited  by  the 
experimental  capabilities  of  our  apparatus  and  should  not  be  considered  us  the  ultimate  scaling 
limits  of  the  chemical  system. 

2.1  Chemiluminescence 

The  presence  of  emitting  species  in  the  (490-700  nm)  spectral  region  of  interest  for  1F(B) 
was  monitored  with  an  optical  multichannel  analyzer  (OMA).  Alternatively,  the  IF(B) 
chemiluminescence  was  dispersed  oy  a  monochromator  and  then  detected  by  a  PMT  for 
monitoring  Av  =  1  and  2  transitions  out  of  v'  =  0  and  1  at  565,  570,  583  and  589  nm.  A  typical 
emission  spectrum  taken  with  the  OMA  is  shown  in  Fig.  2.  The  dashed  line  represents  the  OMA 
spectral  response  curve,  determined  by  use  of  a  standard  quartz  halogen  lamp  that  is  traceable  to 
the  National  Institute  of  Standards  and  Technology  (Eppley,  EV'82).  The  left  edge  of  the 
spectrum  shows  the  sharp  edge  of  the  NF(b  ^  X)  emission;  with  the  trap  in  the  FN3  line,  IF(B) 
and  NF(b)  are  the  only  significant  emitters  in  the  spectral  range  of  4090-700  nm.  Below  520  nm, 
no  signals  were  observed  within  the  sensitivity  limits  of  the  OMA.  Consequently,  for  all 
subsequent  IF(B)  measurements,  the  NF(b)  emission  was  filtered  out  by  a  long  pass  (Oriel 
51302)  filter.  The  NF(a  X)  emission  at  874  nm  was  also  isolated  by  a  calibrated  narrow  band 
interference  filter.  The  total  NF(a)  and  IF(B)  emissions  were  then  measured  relative  to  each  other 
using  a  single  calibrated  Si  photodiode.  The  quantum  efficiency  of  the  photodiode  and  the  IF(B 
— »  X)  radiative  rate  were  approximately  constant  over  the  spectral  range  of  the  IF(B)  emission.'*^ 
Therefore,  the  IF(B)  measurement  was  independent  of  the  vibrational  distnbution.  The  emission 
signals  obtained  were  corrected  for  electronic  amplification,  photodiode  spectral  response 
(EG&G,  SGD-444)  and  filter  transmission.  The  peak  (optimized)  IF(B)  concentration  obtained 
by  absolute  photometry  was  2  ±  1  x  10**  /cm^. 

The  emission  of  both  NF(b)  and  I1/2  depended  strongly  on  the  I2  and  CF3I 
concentrations,  due  to  reactions  (6)  and  (7).  The  excited  I1/2  atoms  were  detected  by  tneir 
emission  at  1315  nm  using  an  interference  filter  and  a  liquid  nitrogen  cooled  intrinsic  Ge 
detector.  The  1 1/2  emission  intensity  was  monitored  as  a  function  of  SF6  concentration,  laser 
energy  and  total  system  pressure,  both  with  and  without  the  cold  trap  on  the  FN3  line.  These 
measurements  demonstrated  that  impurities  entrained  in  the  FN3  flow  were  responsible  for  ~75% 
of  the  I1/2  emission.  All  subsequent  measurements  using  FN3  were  therefore  conducted  with  the 
dry  ice  trap  activated. 
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Intense  BH(A  — »  X)  chemiluminescence  centered  around  ~  433  nm  due  to  addition  of 
trace  amounts  of  B2H6  used  to  measure  the  system  temperature.  As  long  as  only  trace  amounts  of 
the  donor  are  added,  no  significant  perturbation  of  the  gas  temperature  or  the  reaction  system 
occurs.  The  BH(X)  was  electronically  excited  in  collisions  with  NF(a),  as  described 
previously and  the  relative  BH(A  -4  X)  (v',  v")  =  (0,  0)  and  (1,1)  chemiluminescene  was 
detected  with  the  OMA.  Since  radiative  lifetimes  (Abh  ~  6  /ps)  and  Franck-Condon  factors  (~  1) 
for  the  spectrally  resolved  Av  =  0  transitions  are  essentially  identical,  the  system  temperature  of 
1600  ±  100  K  could  be  derived  readily  from  the  intensity  ratio  with  knowledge56.57  of  the 
vibrational  spacing  coc  =  2251.0  cm‘^ 

2.2  Laser  Induced  Fluorescence 

The  1F(X)  ground  state  was  monitored  by  LIF  using  a  high-pressure  nitrogen-pumped 
grating-tuned  dye  laser  that  was  electronically  delayed  with  respect  to  the  CO2  laser.  The 
nitrogen  laser  had  a  0.8  ns  pulse  width  and  a  1.2  ml  output  energy,  which  was  adequate  for 
investigations  of  the  IF(B)  lifetime  as  a  function  of  total  system  pressure,  CO2  laser  energy  and 
reactant  concentrations.  Coumarin  490  and  520  dyes  in  methanol  were  used  to  achieve  tunable 
output  from  490  o  520  nm.  The  output  bandwidth  was  analyzed  via  a  monochromator  and  found 
to  be  X,  ±  3  nm  (FWHM)  and  the  center  wavelength  was  tunable  with  an  accuracy  of  ±  1  nm.  The 
relative  (averaged)  output  power  of  the  dye  laser  was  measured  with  a  photodiode  for  each 
excitation  wavelength. 

The  dye  laser  output  (probe  light)  was  coupled  into  the  reaction  chamber  through  a  quartz 
window  and  was  propagated  perpendicular  to  both  the  CO2  laser  path  and  the  axis  of  optical 
detection.  The  beam  was  focused  to  a  2  mm  dia.  spot  in  the  middle  of  the  reaction  zone  defined 
by  the  gas  flows  and  the  cross  section  of  the  CO2  laser  beam.  The  probe  light  was  blocked  from 
the  PMT  detector  by  a  long  pass  filter,  which  cut  off  all  radiation  at  or  below  the  NF(b  X) 
transition.  Optimization  of  the  initial  alignment  was  achieved  by  detection  of  an  intense  LIF 
signal^S  due  to  I2  in  the  wavelength  range  490-520  nm.  During  dye  laser  alignment,  the  CO2 
laser  was  blocked  so  that  no  F-aioms  were  produced.  When  the  CO2  laser  was  unblocked,  the 
Lf^  signal  from  I2  disappeared  completely,  and  the  laser  induced  emission  signal  from  IF  was 
Oi  rved  on  top  of  the  background  chemiluminescence.  The  signal  ratio  between  LIF  and 
chemiluminescence  was  improved  significantly  by  imaging  the  volume  excited  by  the  dye  laser 
onto  a  slit  mask  covering  the  photosensitive  area  of  the  PMT,  to  selectively  reduce  the 
chemiluminescence  emitted  by  the  larger  reactive  volume.  Without  FN3  present,  the  probe  laser 
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was  typically  delayed  5-70  |is  with  respect  to  the  CO2  laser,  which  assured  complete  I2 
dissociation  ?nd  gave  insight  into  changes  of  the  chemical  environment  with  time.  However, 
with  FN3  present  in  the  system,  the  LIF  probe  had  to  be  delayed  >  30  ps  to  detect  the  LIF  signal 
over  the  chemiluminescence.  The  LIF  signal  from  v"  =  0,  1,  2  to  v'  =  3  was  recorded  with  a 
digital  storage  oscilloscope  and  averaged  over  typically  32  shots.  LIF  signals  from  v"  >  2  could 
not  be  detected  above  the  random  fluctuations  in  the  chemiluminescence  signals.  The  signals 
obtained  were  corrected  for  relative  changes  in  laser  energy  and  Franck-Condon  factors''^  for  the 
transitions  probed,  to  determine  relative  IF(X,  v")  concentrations. 

3.  Results 

3-1  Chemiluminescence 

The  time  decay  behavior  of  IF(B)  v'  =  0  and  1  is  shown  in  Fig.  3.  '1  iiese  vibrational  states 
decay  at  the  same  rate  independent  of  the  1-atom  source  used.  Vibrational  temperatures  for  the 
IF(B)  state  were  derived  from  the  (B  X)  emission  spectrum  observed  with  the  OMA.  A 
representative  chemiluminescence  emission  spectrun*i  is  shown  in  Fig.  2.  Corrections  with 
respect  to  OMA  spectral  response  and  transitions  strengths  were  applied.  Values  for  the 
transition  strengths  were  taken  from  Piper  and  Marinelli.'^^  The  vibrational  temperature  measured 
using  I2  as  precursor  was  1200  ±  100  K,  and  substitution  of  I2  with  CF3I  produced  a  slightly 
colder  distribution  with  a  characteristic  temperature  of  1000  ±  100  K.  This  result  is  surprising, 
since  the  IF(B)  state  is  expected  to  be  essentially  roiationally  and  vibrationally  thermalized  under 
the  experimental  conditions  used.'^ 

After  assuring  that  no  other  emitters  present  in  the  system  contaminate  the  IF(B-X) 
spectrum  as  discussed  above,  the  total  IF  emission  was  measured  relative  to  the  total  NF(a) 
emission.  Since  the  IF(B)  concentration  in  the  absence  of  FN3  was  negligible,  implying  no 
significant  pump  sources  other  than  NF(a),  the  steady  state  relationship 

kp  [NF(a)]  [IF(X,  V")]  ~  [IF(B)]  tnrl  (9) 

can  be  used  at  the  peak  of  the  IF(B)  time  profile  and  combined  with  the  intensity  relationship.*: 

SiF  =  C  Fif  Dip  Gif  Aef  [IF(B)]  (10) 

Snf  =  c  Fnf  Dnf  Gnf  Anf  [NF(a)]  (11) 


8 

Cl2739D/ejw 


SC83037.fr 


to  determine  the  value  of  kp.  Here  C  is  a  common  geometric  collection  factor,  xip  is  the  net 
kinetic  lifetime  of  IF(B),  Aip  ~  1.4  x  10^  /si6-i8  and  Anf  ~  0.2  /s.^l  The  factors  F,  D  and  G  are 
corrections  with  respect  to  filter  transmission,  spectral  response  of  the  detector  and  amplification. 
Representative  relative  IF(B)  and  NF(a)  signals  after  correction  for  these  factors  are  shown  in 
Fig.  4.  Combining  equations  (9)  through  (11),  where  Iivif  and  Iip  are  the  relative  photon  emission 
rate  yields 


)  (ZnF )  (PnFs 

Inf  'snf  Fif''dif''Gif^'aif 


(12) 


kp=(-^)  (xif[IF(X,v"^10)])-1. 

Inf 


(13) 


The  measured  value  (Iif/Inf)  was  40  ±  3.  Since  the  1F(B)  concentrations  obtained  were 
independent  of  the  I-atom  source  used,  the  IF(X)  nascent  vibrational  distribution  obtained  from 
reaction  (1)  may  be  thermalized  prior  to  reaction  with  NF(a).  In  this  case,  the  concentration  of 
IF(X,  v"  ^  10)  can  be  inferred  from  the  vibrational  temperature  of  the  ground  state  and  the  total 
IF(X)  concentration,  measured  by  the  initial  yield  of  F-atoms  with  excess  I2  or  CF3I  present. 

3.2  Laser  Induced  Fluorescence 


After  experimentally  ensuring  that  the  pumped  transitions  were  not  saturated,  the 
recorded  LEF  signals  were  used  to  measure  the  net  kinetic  1F(B)  lifetime,  derived  from  the  time 
decay  behavior,  as  well  as  the  vibrational  distribution  of  the  IF(X)  ground  state,  reflected  by  the 
corresponding  relative  amplitudes.  The  rise  time  of  the  signals  measured,  however,  is  determined 
only  by  the  time  constant  of  the  amplifier  used.  The  LIF  studies  were  performed  as  a  function  of 
total  system  pressure,  CO2  laser  fluence,  and  varied  concentrations  of  SFe,  HN3  and  FN3.  The 
results  of  these  measurements  were  also  independent  of  the  1-atom  source  used. 

3.2.1  Decay  Kinetics  of  1F(B) 

Variations  of  the  total  system  pressure  between  25  and  50  Torr,  laser  power,  and  SF6 
concentration  had  little  effect  on  the  time  decay  behavior  of  1F(B).  In  Figs.  5  and  6, 
representative  LIF  signals  are  shown  as  a  function  of  time  after  pulsed  dye  laser  excitation  for 
different  CO2  laser  fluences  ai  d  SF^  concentrations,  respectively.  Neither  HN3  nor  FN3  was 
added  to  the  system  for  these  measurem.cnts.  The  measured  decay  curves  can  be  represented  by  a 
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single  exponential  fit  with  x  =  2  ±  0.5  ps.  Subsequently,  HN3  and  FN3  were  added  to  the  system, 
and  no  impact  on  the  kinetic  lifetime  of  IF(B)  could  be  observed.  In  Fig.  7  the  experimentally 
obtained  signals  are  represented  by  open  and  dark  circles,  while  the  single  exponential  fits  are 
represented  by  solid  lines.  Experimental  results  lead  to  the  reasonable  assumption  that  none  of 
the  gases  present  in  the  reaction  cell  has  a  dominant  impact  on  the  IF(B)  kinetic  lifetime. 

3.2.2  Concentration  Scaling  of  IF(X) 

The  increase  or  loss  of  population  in  the  vibrational  IF(X)  states  probed  by  LIF  is 
reflected  in  the  amplitude  changes  of  the  LIE  signal.  While  total  system  pressure  (25  and 
SOToir)  did  not  affect  the  IF(X,  v")  states  probed,  changes  with  CO2  laser  fluence  (2-4  J/cm^) 
can  be  observed  as  shown  in  Fig.  5.  The  CO2  laser  controls  the  production  of  F-atoms  by  IR 
multiphoton  dissociation  of  SF^,  and  the  IF(X)  generation  is  strongly  coupled  to  this  process.  A 
minimum  laser  energy  of  2  J/cm^  is  necessary  to  achieve  a  measurable  yield  of  F-atoms,  but 
above  3  J/cm^  tlie  F-atom  concentration  saturates  within  the  experimental  limits  of  observation. 
The  effect  of  varied  SF^  concentrations  on  the  amplitude  of  the  LEF  signal  can  be  seen  in  Fig.  6. 
A  minimum  SFg  concentration  of  at  least  2  x  10*5  /cm^  is  needed  to  give  rise  to  a  significant 
pool  of  F-atoms;  however,  above  a  SFg  concentration  of  4.5  x  1015  /cm^  the  LIF  signal 
amplitude  decreases  sharply.^9  This  can  be  attributed  to  conditions  less  favorable  for 
multiphoton  dissociation,  since  collisional  pooling  of  SF6  becomes  more  imponant;59.60 
however,  this  result  does  not  exclude  IF(X)  losses  due  to  reaction  with  hot  SF6.  Changes  in  the 
vibrational  distribution  due  to  pumping  reactions  may  also  contribute  to  the  amplitude  variations 
of  single  vibrational  energy  levels.  Amplitude  changes  of  the  LIF  signal  were  also  observed 
when  HN3  or  FN3  were  added  to  the  system,  and  the  consequences  of  this  observation  is 
discussed  below. 

3.2.3  Vibfationa!  Temperature  of  IF(X) 

Relative  IF(X)  vibrational  populations  for  v"  =  0,  1,  2  were  obtained  using  both  I2  and 
CF3I  as  the  I-atom  source.  All  of  the  measured  relative  LIF  signals  were  corrected  for  both  laser 
intensities  and  Franck-Condon  factors.'^^  -phe  IF(X,  v"  =  0,  1,2)  populations  obtained  for  CF3I 
were  thermal  and  could  be  well  fit  to  a  vibrational  temperature  of  2000  ±  100  K,  as  shown  in  Fig. 
8.  Deviations  between  the  calculated  and  measured  data  were  within  ±  15%  at  both  v"  =  1  and  2 
when  nomialized  at  v"  =  0.  The  corresponding  LIF  signals  from  IF(X)  obtained  when  using  I2  as 
the  I-atom  source  could  also  be  assigned  a  temperature  of  2000  ±  100  K,  although  this  result  is 
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very  likely  not  an  adequate  description  of  the  actual  vibrational  distribution.  The  measured 
relative  vibrational  populations  in  this  case  deviated  from  a  Boltzmann  curve  by  +  28  %  at  v"  =  1 
and  -  39  %  at  v"  =  2.  These  results  are  consistent  with  prior  suggestions  that  the  measured 
vibrational  energy  levels  of  the  IF  ground  state  are  approximately  thermalized;  however,  they  do 
not  allow  for  a  conclusive  statement  about  the  state  of  the  total  IF(X,  v")  distribution,  since 
v"  >  2  levels  could  not  be  probed,  and  a  nonthermal  distribution  could  be  present  if  the  IF(X,  v" 
^  10)  concentration  was  dominated  by  a  pumping  mechanism  that  was  independent  of  *he  I-atom 
source. 


4.  Discussion 

4.1  IF(B)  Losses 

The  vibrational  temperature  of  the  IF(B)  state  Tvib  ~  1200  K  was  colder  than  the  system 
temperature  of  1600  ±  100  K  that  was  measured  by  using  the  BH(A  -  X)  emission.  This  result 
can  possibly  be  explained  by  predissociation  of  the  IF(B)  state  v’  >  8,'^  which  results  in 
vibrational  energy  loss  at  elevated  temperatures.  The  measured  kinetic  decay  rate  of  the  IF(B) 
state  (F  =  4  X  10^  /s)  is  about  a  factor  three  higher  than  the  radiative  decay  rate  measured  by 
Davis,^^  and  represents  the  sum  over  radiative  and  collisional  loss  processes  according  to 

r  =  AiF+kq[M]  (14) 

Using  equation  (14)  yields  a  collisional  loss  rate  of  2.6  x  lO^/s,  which  includes  electronic 
quenching  of  IF(B)  and  losses  due  to  reaction  and  pumping  above  the  predissociation  limit.  As  a 
first  approximation,  a  small  average  bimolecular  collisional  IF(B)  loss  rate  of  kq  ~  3  x  10'^^ 
cm^/s  can  be  derived,  using  the  total  panicle  density  of  [M]  =  8  x  lO'^/cm^,  since  individual 
contributions  arc  not  easily  traced.  A  reasonable  assumption  is  that  He,  N2  and  cold  SFb 
contribute  ^ery  litde  to  the  collisional  decay, while  the  role  of  other  reactants  especially 
vibrationally  hot  SFe  is  less  clear. 

4.2  IF(B)  Pump  Mechanism 

The  results  presented  here  show  the  IF(B)  yield  to  be  independent  of  the  I-atom  source 
used.  In  addition,  the  relative  vibrational  distributions  obtained  for  v"  =  0,  1,  2  were 
approximately  thermalized.  Consistent  with  these  results  is  the  assumption  that  the  IF(X)  nascent 
vibrational  distribution  has  thermalized  prior  to  reaction  with  NF(a).  If  the  relative  vibrational 
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distribution  of  v"  =  0,  1,2  is  an  adequate  representation  of  the  IF(X)  state  up  to  v"  ~  20,  a 
Boltzmann  distribution  (T  =  2000  K)  can  be  used  to  derive  the  thermal  IF(X,  v"  >  10)  population, 
assuming  that  the  total  IF(X)  concentration  is  given  by  the  density  of  F-atoms,  as  measured  by 
titration.  With  the  vibrational  energies  given  by  Marinelli  and  Piper,'*^  this  procedure  yields 
[IF(X,  v"  S  10)]  ~  3  X  10^2 and  a  pump  rate  constant  kp  =  1  x  lO'^*  cm^/s  can  then  be 
calculated  from  equation  (13)  in  Section  3.1  using  the  relative  Iif/Inf  emission  ratio  of  ~  40  and 
the  measured  kinetic  decay  rate  for  IF(B)  of  4  x  10^  /s.  This  result  for  kp  is  a  factor  of  four  larger 
than  the  value  of  measured  by  Davis  (2-3  x  10'^^  cmVs)  in  low  density  experiments,^^  and 
represents  only  a  lower  limit  since  the  total  IF  concentration  is  likely  to  be  smaller  than  the 
original  F-atom  concentration,  due  to  reactive  loss  processes  indicated  by  the  effects  of  SF6  and 
FN3  on  the  LIF  signal  amplitudes.  The  experimental  parameter  with  the  largest  error  in  this 
calculation  is  the  original  F-atom  concentration  of  2  ±  1  x  10*'* /cm^,  obtained  with  the  two 
titration  methods  described  above.  The  combined  experimental  errors,  including  variations  in 
vibrational  IF(X)  temperature  and  kinetic  IF(B)  lifetime,  however,  are  still  not  sufficient  to 
account  for  the  discrepancy  in  the  values  for  kp. 

The  thermal  or  close  to  thermal  appearance  of  IF(X)  v"  =  0, 1,2  alone  does  not  exclude  a 
non  thermal  population  for  v"  ^  10,  and  the  lack  of  difference  between  I2  and  CF3I  precursors 
can  be  explained  by  means  other  than  thermalization.  Assuming  a  thermal  IF(X)  state  is  not  an 
adequate  representation,  we  used  the  previously  measured  IF(X)  pump  rate  of  2-3  x  10  *^ 
cm^/s,^^  and  rearranged  equation  (13) 

[IF(X,  v"  ^  10)]  =  (-^)  (xiF  kp)-*  (13) 

Inf 

to  derive  the  IF(X,  v"  2  10)  concentration.  A  value  of  1.2  x  10*3 /cm?  is  obtained  this  way,  which 
is  a  factor  of  four  larger  than  the  thermal  concentration  of  3  x  10*^  /cm^.  The  interpretation  of 
our  experimental  results  therefore  does  not  strictly  require  a  thermalized  IF(X)  population,  but 
can  be  supported  by  a  mechanism  that  is  independent  from  the  I-atom  source  used.  Consistent 
with  this  picture  is  an  alternative  mechanism  based  on  a  fast  E-V  transfer  from  NF(a)  to  IF 

inferred  by  Setser.^^ 

IF(X)  +  NF(a)->IF(X,v"^10)  +  NF(X)  kis  =  1  x  lO'***  cm^/s  (15) 

Under  high  NF(a)  density  conditions,  vibrational  pumping  may  be  followed  by  efficient 
electronic  excitation  in  a  second  collision  with  NF(a)  to  yield  IF(B),  as  in  reaction  (2).  Only 
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under  experimental  conditions  where  large  particle  densities  of  NF(a)  can  be  maintained  and  the 
He  buffer  gas  to  metastable  ratio  is  relatively  small  (<  10^),  however,  is  vibrational  pumping  by 
NF(a)  able  to  compete  with  V-T  relaxation,  resulting  in  a  significant  non  thermal  steady  state 
vibrational  distribution  of  the  IF(X)  state.  If  IF  is  not  rapidly  removed  by  other  species,  then  in 
this  case  recycling  is  possible,  allowing  for  more  than  one  photon  per  IF  molecule  produced  by 
reactions  (1)  or  (4).  Vibrational  excitation  of  the  EF(X,  v"  ^  10)  levels  by  NF(a)  is  also  consistent 
with  the  measured  vibrational  ground  state  temperature  of  T  =  2000  ±  100  K,  which  is  400  K 
above  the  system  temperature. 

These  results  are  very  different  from  those  obtained  in  a  low  density  environment,  with  a 
much  higher  ratio  of  buffer  gas  to  metastable  species  (>  10^).  Under  these  conditions,  the  E-V 
pump  rate  is  not  sufficient  to  compete  against  fast  V-T  relaxation;  and  consequently, 
enhancements  of  the  IF(B)  yield  can  be  achieved  only  with  the  original  nascent  IF(X) 
distribution  obtained  in  reaction  (1).  In  addition,  only  one  photon  per  IF  molecule  is  possible,  in 
this  case,  which  has  important  consequences  concerning  the  specific  energy  of  a  laser  device. 

5.  Conclusions 

The  effect  of  high  NF(a)  densities  on  the  IF(B)  state  and  the  pump  mechanism  were 
investigated.  Although  a  modest  decrease  in  the  IF(B)  kinetic  lifetime  was  observed,  it  is  not  due 
to  NF(a)  or  its  reaction  byproducts,  and  therefore  no  related  scaling  problems  are  anticipated. 
Measurements  of  the  IF(B)/NF(a)  ratio  and  the  relative  IF(X)  ground  state  populations  for  v"  =  0, 
1, 2  suppiort  either  a  larger  pump  rate  for  the  reaction  of  NF(a)  with  IF(X,  v"  >  10)  or  a  change  of 
mechanism  involving  a  source  for  vibrationally  excited  IF  that  is  independent  of  the  I-atom 
precursor  such  as  fast  E-V  transfer  from  NF(a).  In  the  latter  case,  a  steady  state  concentration  of 
IF(X,  v"  ^  10)  results,  and  recycling  of  the  IF  emitters  may  lead  to  generation  of  more  than  one 
photon  per  donor  molecule.  Further  experiments  are  needed  to  clarify  the  mechanism  under  high 
density  conditions  by  probing  these  energy  levels.  An  additional  concern,  still  to  be  addressed,  is 
whether  V-T  relaxation  from  the  pumped  IF(X,  v"  ^  10)  levels  to  the  lower  v"  -  5  states  will 
degrade  the  potential  for  population  inversion  of  the  IF(B  — ^  X,  0-5)  laser  transition.  Since  large 
IF(X)  densities  can  be  generated, the  feasibility  of  a  vibrationally  assisted  transfer  laser  also 
depends  critically  on  appropriate  management  of  the  IF((X)  vibrational  distribution  under  high 
particle  density  conditions. 
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Fig.  2  IF(B)  emission  spectrum  (520  to  640  nm).  The  dashed  line  represents  the  OMA  relative 
spectral  response.  Transitions  from  IF(B,  v'  =  0)  into  IF(X,  v"  =  1,  2,  3,  4,  5)  are  indicated 
by  arrows. 
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IF(B  -X)  (v’,  v") 
—  (0,  3) 
---(1,4) 


time/|is 

Fig.  3  IF(B)  emission  signal  for  IF(B  — >  X)  (v',  v")  =  (0,  3)  (solid  line)  and  (1.4)  (dashed  line), 
as  a  function  of  time  after  the  CO2  laser  trigger.  The  signals  were  not  corrected  for 
differences  in  transition  probabilities. 
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Fig.  4IF(B)  and  NF(a)  relative  emission  signals.  The  signals  were  corrected  for  filter 
transmission,  detector  spectral  response  and  electronic  amplification.  Note  that  the  IF(B) 
relative  intensity  is  shown  on  the  left-hand  ordinate;  the  NF(a)  relative  emission  intensity 
on  the  right-hand  ordinate. 
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Fig.  5  IF  LIF  signal  as  a  function  of  time  after  the  LIF  probe  pulse  for  three  different  CO2  laser 
fluences.  A  minimum  laser  fluence  of  2  J/cm^  is  required  lo  produce  F-atoms  by 
multiphoton  dissociation  of  SF^. 
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4.5  X  10^^/cm3 


2.3x  10^Vcm3 


1.1  X  10i6/cm3 


3.0  X  10^^  /cm3 


Fig.  6  lF  LIF  signal  as  a  function  of  time  after  the  LIF  probe  pulse  at  four  different  SF6 
concentrations.  For  SF6  concentrations  >  4  x  lO^^/cm^  conditions  for  SF6  multiphoton 
di.ssociation  deteriorate  rapidly. 
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IF(B)  Lifetime,  x  =  2  |is 
o  SF^,«  KN^,  □  FN. 


Fig.  7  IF  LIF  signal  as  a  function  of  time  after  the  LIF  probe  in  the  presence  of  SFe  only  and 
with/without  HN3  and  FN3.  The  solid  lines  indicate  the  exponential  fit  to  the 
experimental  decay  curve;  a  lifetime  t  of  ~  2  ps  was  obtained  this  way. 
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Rel.  Vibrational  Population 


Fig.  8  Relative  LEF  emissions  from  IF(B,  v‘  =  3)  into  IF(X,  v"  =  0,  1,2)  using  CF3I  as  I-atom 
source.  The  signals  are  corrected  for  dye  laser  energy  and  Franck-Condon  factors. 


